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Summary 
Texas has a long-term annual availability of fresh 
water from ground and surface sources combined of 
at least 14.1 million acre-feet (rnaf), according to the 
Texas Department of Water Resources. This includes 
a safe ground-water yield of 5.1 maf, defined as the 
quantity of average, annual, recoverable recharge to 
ground-water aquifers. It also includes a firm surface 
water yield of at least 9.0 maf, defined by the De- 
partment as "the quantity of water that can be with- 
drawn or released from reservoirs continuously, on 
an annual basis, over periods of time of sufficient 
length so as to span the most severe period of 
drought in the reservoir catchment areas." (50) 
The ground-water use for all purposes in Texas 
in 1974 was 12.2 maf. This amount exceeds the safe 
ground-water yield by 7.1 rnaf and is accomplished 
by removing more ground water than is replaced by 
natural recharge. This annual ground-water overdraft 
is lowering water tables, increasing pumping costs, 
and affecting the physical characteristics of individual 
aquifers. 
A landowner in Texas owns the ground water 
beneath his land and has the right to drill wells and 
appropriate all of the underground percolating 
waters generally without regard to the effect upon 
other landowners. The general opposition to control 
of individual ground-water rights at any level, be it 
federal, state, or local, effectively limits the initiation 
of comprehensive management programs. A law was 
enacted in 1949 authorizing creation of underground 
water conservation districts. Any area in Texas can be 
included in a district if it has substantial ground- 
water resources, if its boundaries can be determined 
within the terms set out by the law, and if its people 
vote to form a district. Most districts have directed 
their efforts toward prevention of waste, well re- 
charge, conservation education, and data gathering 
on water table levels. They have not regulated the 
production of water from wells directly. The districts 
are responsible for granting permits for new wells. 
Typically, some minimum spacing between wells is 
required. 
The Ogallala Aquifer supplies the Texas High 
Plains with nearly all of its water for irrigation, munic- 
ipal, and industrial uses. The amount of ground 
water used in this area in 1974 was estimated at 8 maf, 
which was 78 percent of the ground water used in the 
State in that year. In some areas the saturated thick- 
ness of the aquifer is less than 50 feet; in other areas it 
is more than 500 feet. In the thinner sections where 
the aquifer is essentially depleted, irrigated cropland 
has been converted to dryland farming or is being 
returned to grasses. At projected rates of use, the 
present ground-water supplies in much of the South 
ern High Plains area are expected to be depleted tc; 1 
the point that they will not support irrigation by the 
year 2000. Supplies of the northern area, however, 
may support widescale irrigation to 2040 or longer. 
The Ogallala underlies much of the Great Plains, 
and its exhaustible nature is a problem throughout. 
The Water Resources Development Act of 1976 au- 
thorized a multi-state and Federal study of the Ogal- 
lala Aquifer. The study is to evaluate opportunities to 
more effectively use the ground water and includes 
planning to increase water supplies. A final report 
with recommendations will be transmitted to Con- 
gress no later than July 1, 1980. 
The extensive development and use of the Gulf 
Coast Aquifer have created some difficulties. Prob- 
lems have included declining water levels, land sur- 
face subsidence, salt water intrusion, and water qual- 
ity impairment from surface and subsurface disposal 
of wastes. Increasing costs of ground-water supply 
are not shared equitably by all the ground-water 
users in the area. Choices must still be made as to the 
extent and purpose of future use and the appropriate 
federal, state, and local responsibilities. 
In 1975, the Administrator of the Environmental 
Protection Agency was petitioned to designate the 
Edwards Aquifer as a sole-source aquifer under the 
provisions of the Safe Drinking Water Act. About 90 
percent of the recharge of the Edwards Underground 
Reservoir is from streams that cross areas where the 
aquifer crops out or is near the land surface in the 
Balcones Fault Zone. Population growth on the re- 
charge zone has increased greatly over the past 10 
years and reflects the urban expansion of metropoli- 
tan San Antonio. The Environmental Protection 
Agency has established procedures for reviewing 
commitments of Federal financial assistance to de- 
velopment projects in the San Antonio area. Projects 
which may contaminate the aquifer so as to create a 
significant hazard to public health will be disap- 
proved for funding. 
The two basic doctrines of surface-water rights 
recognized in Texas are the riparian doctrine and the 
appropriation doctrine. The corresponding water 
rights perfected under these doctrines are commonly 
referred to as riparian rights and appropriative rights. 
The riparian right is a common law right to use a 
proportionate part of the normal flow of a stream as a 
part of the ownership of lands abutting the stream. 
The appropriative right is an acquired right under a 
procedure provided by statute to divert from a water 
supply a specific quantity of public water under a 
permit granted by the Water Rights Commission. 
Surface water may be classified as diffused sur- 
face water or as water within a defined watercourse. 
Diffused surface water originates as rain, snow, 04 
sleet and continues to be surface water until it reaches 
some natural channel or watercourse. Once it reaches 
a watercourse, it becomes part of the stream and is 
the property of the State, subject to the rights of own- 
ers of riparian lands and those who have obtained 
appropriative rights. 
At the end of December 1976, the Texas Water 
Development Board reported authorized and claimed 
amounts of water in water courses of 56.9 maf. Most 
existing permits claim water for irrigation, although 
some of the largest are for municipal and industrial 
use or for hydroelectric power generation. Actual use 
of surface water in watercourses in 1974 was 5.1 maf. 
The Water Rights Adjudication Act was passed in 
1967, and adjudication of water rights is currently in 
progress. The Water Rights Commission expects ad- 
judication to be completed in the next 10 years at 
which time certificates of adjudicated water rights 
will be issued to successful claimants. 
When water falls from the atmosphere as precipi- 
tation, it becomes diffused surface water until it 
reaches a channel or watercourse. In Texas, it is estab- 
lished that landowners generally have the right to 
intercept and use diffused surface water on their land 
so long as the reservoir does not exceed 200 acre-feet 
in capacity. Since 1953, water in these small reser- 
voirs may be used only for domestic or livestock pur- 
poses. A permit is required from the State if the dam 
is on a stream course, if storage exceeds 200 acre-feet, 
or if the water is put to other uses. Downstream water 
users usually are of the opinion that such small reser- 
voirs and related conservation land treatment have 
the effect of reducing their water supply. It has been 
calculated that near El Paso, a watershed of 24,000 
acres is required, under normal conditions, to supply 
a 200 acre-feet reservoir; 10,000 acres on the High 
Plains; 2,400 acres in Central Texas; and only 600 
acres in East Texas. Many small impoundments are 
quite shallow with large surface areas compared to 
storage capacity. Losses of water are heavy from 
evaporation, transpiration by vegetation, seepage, 
and percolation. 
The amount of surface water available for distri- 
bution is determined by the magnitude and distribu- 
tion of the annual precipitation, the proportion of the 
precipitation that reaches the watercourses, and the 
availability of reservoir storage. Reservoir storage 
provides the ability to change allocation of water over 
time. Excess water from wet periods can be held and 
.then released for use in dry periods. This reallocation 
may occur within a given year or over a period of 
several years. The firm yield for a reservoir can be 
expressed as the maximum amount of water that can 
be supplied continuously by a reservoir under condi- 
tions of the driest and most severe drought period 
known to have occurred at that site. Firm yield is 
decreased by net loss of water by evaporation from 
the reservoir surface, by leakage, by seepage or infil- 
tration, and by evapotranspiration from adjacent 
ground and vegetation. Firm yield is reduced each 
year the reservoir is in operation as the initial conser- 
vation storage capacity is depleted by sedimentation. 
Conservation storage capacities and contents 
yield differently in different parts of Texas. In humid 
East Texas, a reservoir may provide a firm yield equal 
to or larger than its conservation storage capacity. In 
subhumid Central Texas, a reservoir may provide a 
firm yield equal to only one-fifth or less of its storage 
capacity. In semiarid and arid West Texas, a reservoir 
may provide a firm yield varying within a range equal 
to one-tenth to one-thirtieth or less of its conservation 
storage capacity. Detailed studies are necessary to 
provide reliable estimates of the true water supply po- 
tential. Conservation storage capacity for all reser- 
voirs in Texas of more than 5,000 acre-feet was re- 
ported to be 30 maf by the Water Development Board 
in April 1976. The Texas Department of Water Re- 
sources in June 1978 estimated firm yield of surface 
water projects at 9.0 maf based on development exist- 
ing in 1974. 
The Texas Gulf Coast has ten estuarine sys- 
tems scattered from Louisiana to Mexico. They vary 
considerably in size, volume, use, accessibility, com- 
mercial importance, and ecological characteristics. Es- 
tuaries are semi-enclosed coastal bodies of water that 
have a free connection with the open sea and within 
which sea water is diluted with fresh water from land 
drainage. Human use of estuaries includes such ac- 
tivities as industrial water supply, transportation, 
commercial fishing, waste disposal, recreation, and 
mineral extraction. Nature uses estuaries and sur- 
rounding areas as aquatic nurseries and wildlife and 
fish habitats. Estuaries play a vital role in the life cycle 
of an estimated 65 percent of the nation's marine 
fisheries. Human modification of fresh-water inflow 
commonly impairs biological functions of an estuary. 
The State Legislature in 1975 made State policy 
"the maintenance of a proper ecological environment 
of the bays and estuaries of Texas, and the health of 
the related living marine resources." Comprehensive 
studies were called for, and the Water Development 
Board contracted with the Remote Sensing Center of 
Texas A&M University for a 1976 season-long remote 
sensing study of certain critical river deltas along the 
Central Texas Coast. The studies are continuing and 
are to be completed and results published by De- 
cember 31, 1979. 
All of the wetlands study areas have been im- 
pacted by man's activities, but in varying degrees. 
Some are deteriorating; others are recovering from 
earlier construction activities. If periodic flooding of 
deltaic wetlands is inhibited or prevented entirely by 
construction activities, the value of maintaining a par- 
ticular level of fresh-water inflow into the estuaries is 
unclear. Dredging and spoil deposition appear to be 
the greatest, single, damaging mechanism in the 
Texas Coastal wetlands. 
The Legislature is expected to make some basic 
policy decisions concerning the estuarine resources. 
As development continues, choices will be made. The 
commercial harvest of fishery resources is greater in 
value from Texas than from any other Gulf State. 
Recreation and tourism associated with these es- 
tuarine systems generate more than $5 billion annu- 
ally. The Texas Department of Water Resources esti- 
mates that the annual gaged river inflows needed to 
sustain major estuarine systems is 6.1 maf. Perma- 
nent damage already has been done to some Texas 
Gulf estuarine systems. The damages will escalate 
and become irreversible unless positive and com- 
prehensive action is taken. 
Agriculture, in contrast to manufacturing and 
most other uses, consumes a large part of its water 
withdrawals. There is less return flow to the water 
source from agriculture and less water available for 
reuse. The value in use of irrigation water tends to be 
low compared with municipal and industrial uses. 
Irrigated crop agriculture in Texas has been and will 
be limited by the volume and cost of available water. 
Costs are affected by the depth to water, the effi- 
ciency of the aquifer in yielding water, and the costs 
and efficiencies of energy, power, and equipment 
used. 
Estimates of the future population of metropoli- 
tan areas in Texas indicate a continued rapid growth. 
The costs of providing metropolitan water services 
have escalated rapidly. Yet, some metropolitan water 
managers anticipate a continuing increase in daily per 
capita use of water. The National Water Commission 
considers that the primary metropolitan objectives 
are (1) to provide the three basic water services - 
water supply, wastewater collection and treatment, 
and storm water management - efficiently and effec- 
tively; (2) to make efficient use of scarce water re- 
sources; and (3) to lessen the disrupting and degrad- 
ing effect of urban growth and development on the 
urban environment and water quality. When water 
system facilities are built and operated with enough 
foresight, many social benefits can accrue to balance 
the costs of the facility. Recycling or reclaiming 
wastewater has great potential for increasing the 
amount of water available for use. Increasing the 
price of water may complement other measures taken 
to improve efficiencies. 
In planning for efficient water use, precipitation 
and drought are basic considerations. Mean annual 
precipitation ranges from less than 8 inches in ex- 
treme West Texas to more than 56 inches in extreme 
East Texas. Generally, rainfall increases from west to 
east across Texas, with the average increase being 
about 1 inch every 15 miles. Drought interrupts the 
flow of water supplies and increases the consumption 
requirements from water in storage. People can cope 
partially with drought by drilling additional wells or 
by constructing surface-water storage facilities and 
storing surface-water supplies for emergency use. 
Longer droughts tend to require water conservation 
measures by all users. 
When a drought occurs, streamflow decreases, 
ground-water levels decline due to increased pump- 
ing, reservoir storage is depleted, and water quality is 
degraded. One of the most critical problems is a lack 
of sufficient water in the stream to flush and dilute 
contaminants in the channel. Lack of oxygen can be 
lethal to fish and other aquatic life, cause odor prob- 
lems, and decrease a stream's natural ability to purify 
itself. Generally, the shallow water created by low 
streamflow becomes warmer than usual. Evaporation 
increases, which further decreases the limited supply 
of surface water. 
Local initiative is the key to drought manage- 
ment. The weight of responsibility on local officials 
and individuals is great. Success of programs to con- 
serve water depends upon how well the full partici- 
pation of the public is motivated and achieved. Water 
users must believe that they are fairly treated, that 
everyone is asked to save, and that sacrifices are felt 
proportionately. Experiences in Western states in 
1976 and 1977 indicated that effective conservation 
programs can reduce water use as much as 50 percent 
without undue hardship. 
Minimizing the effects of future droughts re- 
quires more efficient use of existing water resources. 
Some supplies that are being utilized cannot be re- 
placed. Other supplies of water can be predictable in 
quantity, quality, and location. Skillful planning is 
required to evaluate tradeoffs among competitive us- 
ers. The chief problem is overcoming the habits and 
traditions of industries, farmers, and homeowners 
who demand the continued availability of cheap and 
plentiful water. There is a compelling need to reform 
the institutional incentives to waste water. Methods 
for increasing efficiency in water use include water 
rights reform, rationing, mandated conservation 
practices, pricing strategies, and technological de- 
velopment. Economic realities can provide the most 
effective limits to further growth in water-deficient 
areas. 
The development of Texas has exacted a high 
price in the deteriorating quality of its water re- 
sources. Rivers, lakes, and coastal waters have been 
heavily damaged by the discharge of waste, by pol- 
luted runoff from urban, agricultural, and resource 
development and  by accelerated erosion and 
sedimentation. A strategy to achieve cleaner waters 
and reduce the production of unnecessary pollutants 
is now under way. The objective of the Federal Water 
Pollution Control Act of 1972 is to restore and main- 
tain the chemical, physical, and biological integrity of 
the Nation's water. Each state is required to identify 
and locate all point sources of pollution such as sew- 
age plant outfalls. Also, the State must locate all 
man-created nonpoint source pollution loads such as 
soil erosion and set forth procedures to control these 
discharges where feasible. One result will be ex- 
panded reuse of return flows when waste treatment 
is accomplished. 
Return flows are listed by the Department as a 
separate water supply source for basins. Municipal 
and industrial uses provide 2.2 maf and irrigation 
- 
provides 0.8 maf. Location of return flows determines - , 
the potential for subsequent reuse or for flow through 
the river basin to the estuarine area. 
Introduction 
In the past, Texas citizens usually were able to 
live wherever they chose without concern for the 
availability of water. Where other resources were 
available, a water supply also was generally readily 
available. The purpose of this report is twofold - to 
review the current status of water resources in Texas 
relative to institutions and incidence of availability 
and use and to address some important water re- 
source issues facing the State. Water resources to 
meet agricultural, municipal, industrial, and residen- 
tial demands are taken from ground-water and 
surface-water sources. 
Ground Water 
Ground-water supplies are obtained from both 
reserves and annual sources. Ground water pumped 
from closed basins or slowly recharged aquifers like 
the Ogallala represents depletions of a reserve or 
stock resource. Pumping from aquifers that are 
readily recharged from infiltration and percolation of 
precipitation or deep percolation from streams, reser- 
'L voirs, canals, or irrigated land constitutes the utiliza- 
tion of an annually renewable or flow resource. The 
Edwards Aquifer is an example. The ground-water 
supply available in any given year in Texas represents 
the sum of the yields obtained from the renewable 
sources plus the depletion of the stock resource 
deemed desirable by land owners who own the 
ground water beneath their land. 
Ground-water aquifers supplied about 71 per- 
cent of the water used in Texas in 1974. Rural inhabi- 
tants, irrigators, municipalities, and industries 
generally have turned to this source because of its 
widespread availability and its relatively low de- 
velopment and pumping costs. By contrast, 
surface-water supplies are not available, or the costs 
for constructing facilities for storing, treating, and 
distributing surface water are high (30). 
; Although Texas courts recognize both percolat- 
ing water and underground streams as ground water, 
such water is presumed to be percolating unless it can 
be proved to be a recognizable underground stream 
with defined channels. The courts have held that the 
owner of land is the absolute owner of percolating 
water beneath his land. As land owner, he can with- 
draw the percolating water beneath his land at the 
rate he chooses and for whatever purpose he 
*4 chooses. Neither an injured neighbor nor the State 
can effectively exercise control over water-use prac- 
tices involving ground water, except where local un- 
derground water districts have been formed. This is 
in direct contrast with the extensive and direct in- 
volvement of the State in controlling surface-water 
supplies (30). 
In 1949, Texas passed a local option ground- 
water control law. Under this law, local underground 
water districts can be formed to carry out ground- 
water management including regulation of the with- 
drawal of ground water. Any area in Texas can be 
included in a district if it has substantial ground- 
water resources, if its boundaries can be determined 
within the terms set out by the law, and if its people 
vote to form a district. Although a few districts have 
been formed under this law, they have not made any 
effort to regulate directly the production of water 
from wells (30). 
Ground water is being removed in many areas of 
the State more rapidly than it is being replaced by 
natural recharge. In effect, the resource is being 
mined. The mining of ground water is especially criti- 
cal in those areas where ground water constitutes the 
only source of suitable water supply. The Texas 
Water Development Board1 estimated the annual 
natural recharge rate for all of the Texas River Basins 
to be 5.1 rnaf in 1974. Withdrawals of ground water 
were estimated by the Board to be 12.2 rnaf in that 
same year. This annual ground-water overdraft of 
more than 7.1 rnaf is lowering the water tables, in- 
creasing pumping costs, and affecting the physical 
characteristics of individual aquifers. 
Surface Water 
Surface water supplied 5.1 rnaf or about 29 per- 
cent of the water used in Texas in 1974 according to 
the Texas Water Development Board. Surface- water 
use was considerably below the firm yield of 
surface-water projects of river and coastal basins of 
9.0 maf. Also available for use in some locations were 
return flows from municipal, industrial, and irriga- 
tion uses that amounted statewide to 3.0 maf. This 
figure does not include the surface water that made 
its way to the Gulf. ,Annual precipitation ranges from 
8 inches or less in far West Texas to more than 56 
inches in far East Texas near Orange. Texas is also 
subject to wide fluctuations in rainfall from year to 
year. Precipitation often varies more than 50 percent 
from calculated averages, and in most years, will be 
below the annual average. The State is subject to 
periods of drought, sometimes of long duration. 
About three-fourths of the runoff in Texas originates 
in the eastern one-fourth of the State (32). 
The two basic doctrines of surface-water rights 
recognized in Texas are the riparian doctrine and the 
appropriation doctrine. The riparian right is a com- 
mon law right to use a proportionate part of the nor- 
mal flow of a stream as a part of the ownership of 
lands abutting the stream. The appropriative right is 
an acquired right under a procedure provided by sta- 
'By a legislative act, the Texas Water Development Board, the 
Texas Water Rights Commission, and the Texas Water Quality 
Board were merged into the TEXAS DEPARTMENT OF WATER 
RESOURCES, effective September 1, 1977. 
7 
tute to divert from a water supply a specific quantity 
of public water under a permit granted by the Texas 
Water Rights Commission (32). 
Texas courts and State water agencies have ex- 
perienced great difficulty in trying to correlate the 
riparian and appropriative water rights which exist 
side by side on the same stream. Several attempts 
have been made to define or quantify the nebulous 
riparian rights so that all existing claims to or use of 
surface water could be inventoried, thus allowing 
more effective water resource management. Au- 
thorized or claimed amounts of water for all basins 
and for all purposes amounted to 56.9 maf at the end 
of 1976, according to the Texas Water Development 
Board. It is expected that several more years will be 
required to complete the process of adjudication and 
to establish Texas surface-water rights (32). 
Another major use of surface water is for es- 
tuarine systems spread along the Texas coastline. The 
systems involve more than 1,400 miles of intricate 
shoreline, and associated recreation and tourism gen- 
erate more than $5 billion annually. Virtually all 
coastal fishing resources are dependent upon the es- 
tuaries, and the productivity of the estuaries is de- 
pendent upon the quantity, quality, and timing of 
fresh-wa ter inflows (50). 
In view of established State and Federal legisla- 
tion, the Board's objective in coastal management is 
to assure that sufficient .quantities of fresh-water in- 
flow are seasonally provided at appropriate geo- 
graphic locations to maintain Texas estuarine 
environments at optimum sustainable levels of pro- 
ductivity. The Board estimates preliminary sustaining 
annual gaged river inflows of 6.1 maf, which are 
suggested as statistical long-term averages needed to 
sustain the estuarine system (50). 
The importation of water to Texas has been con- 
sidered a possible way to offset future deficits in 
available water supplies. At a public meeting in Lub- 
bock, Texas on April 12, 1973, Mr. Norman Flaigg, 
Texas Area Engineer for the U. S. Bureau of Reclama- 
tion released the findings of the "West Texas and 
Eastern New Mexico Import Reconnaissance Report." 
The project was estimated to cost several billion dol- 
lars. It was found to be physically feasible but eco- 
nomically infeasible. 
"Irrigators have a payment capacity adequate to cover less 
than a fifth of the annual payment requirements. 
"Using primary benefits only, the project is only about 
one-seventh justified. With primary and secondary benefits 
derived according to Bureau of Reclamation procedures, 
the project is only about one-fourth justified." (21). 
Section 193 of the Water Resources Development 
Act of 1976 authorizes a comprehensive study of sev- 
eral states relying on ground water from the Ogallala 
Aquifer. The study will evaluate both interbasin 
transfers of water and opportunities to more effec- 
tively and efficiently use available supplies. 
Water Planning Responsibilities 
In 1965, the 59th Texas Legislature assigned the 
Texas Water Development Board the responsibility 
for preparing and maintaining on a current basis a 
comprehensive statewide water plan. This plan is to 
serve as a flexible euide for the drderlv develo~ment 
" I 
of Texas water resources for the ensuing 50-year 
period. The planning horizon for a current updating 
of the Texas Water Plan is the year 2030. The specifi- 
cation of the 50-year planning-horizon is requked to 
comply with the legislative requirement that the basin 
of origin of any surplus surface waters shall have 
its projected 50-year water requirements protected 
from transfer out of the basin except on an interim 
basis (50). 
Planning Areas 
Texas water-planning legislation specifies that 
the planning areas within the State shall be the river 
basins and coastal basins drainage areas. These are 
the  State's surface-water natural drainage areas. Sur- 
face water surplus to the 50-year projected in-basin 
needs can be exported to basins of shortage subject to 
the conditions that the beneficiaries of such imports 
shall pay the development and importation costs (50). 
Texas has 15 river basins and 8 coastal basins 
(Figure 1). Each basin is designated as a planning area 
for purposes of calculating in-basin water supplies 
and for projections of the 50-year foreseeable future 
in-basin water requirements. The river-basin areas 
were delineated through the use of topography so 
that each part of the State is assigned to its appropri- 
ate drainage basin. The effective water supply of a 
river-basin area at a given time was defined as the 
Water planning and efficient water use are vital to the Texas 
economy. 
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sum of safe yields frorri ground-water aquifers at that 
time and the firm yield of existing reservoirs at that 
time (50). 
Water Yields 
Safe ground-water yields, on an annual basis, 
are defined as the quantity of average annual recov- 
erable recharge that is returned to the ground-water 
aquifers located in the planning area. Depletion of 
ground-water resources is continuing from several 
major aquifers substantially beyond safe ground- 
water yields. The ground water is privately owned by 
holders of the surface estate. Planning with regard to 
ground water is minimal in most river basins and 
coastal basins (50). 
Firm annual reservoir yield is defined by the 
Board as "the quantity of water that can be with- 
drawn or released from a reservoir continuously, on 
an annual basis, over periods of time of sufficient 
length so as to span the most severe period of 
drought in the reservoir catchment area." This most 
severe period of drought is designated as the critical 
period during which there will be insufficient storm 
or flood flows that can be impounded in reservoirs to 
replace water that is withdrawn by users. Firm yields 
depend upon factors including precipitation, runoff, 
evaporation, and reservoir capacity (50). 
- 
Safe yields of ground-water aquifers and firm 
yields of reservoirs have been calculated for each 
river-basin planning area using historical and current 
data. Potential reservoir sites have been located and 
evaluated as to potential firm yield, subject to the 
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Figure 1. River and Coastal basins of Texas. 
Source: Texas Water Development Board. 
10 
location of other reservoirs and relevant operating 
procedures. Projections of water requirements and 
-present and potential water supplies have been 
made, permitting determination of the water-supply 
balance for each basin over the 50-year period. Any 
excess above that needed to meet requirements of the 
50th year, subject to all existing water rights, can be 
considered as surplus to the basin needs and availa- 
ble for export to meet the needs of basins having a 
projected deficit (50). Table 1 shows the ground- 
water and surface-water renewable resource by ba- 
sins. Available water as shown in this table excludes 
fresh-water inflow into the estuarine systems. 
Environmental Constraints 
The Federal Water Pollution Control Act 
amendments of 1972 have the stated objective "to re- 
store and maintain the chemical, physical, and biolog- 
ical integrity of the Nation's waters." That law, 
known as P. L. 92-500, declares unlawful the addition 
of any pollutant to navigable waters from any point 
source. Navigable waters include tributaries of navig- 
able waters, interstate waters, and most intrastate 
lakes, rivers, and streams (17). 
P. L. 92-500 contains numerous other controls on 
the use of water generally by industry, agriculture, 
and the public. Water-quality standards under Sec- 
tion 303 (c) and the planning requirements of Sections 
208 and 303 (e) force state and local agencies to defer 
to the Environmental Protection Agency (EPA) in 
regulating water use. Section 404 authorizes the 
Army Corps of Engineers to issue permits for the dis- 
charge of dredge or fill material into the navigable 
waters at specified disposal sites. This section also 
directs the Administrator of EPA to develop 
guidelines for disposal sites. It allows him to prohibit 
or limit the use of any area as a disposal site if the 
proposed discharge will have adverse environmental 
effects (17). 
As now written, Section 404 resurrects and adds 
strength to the Fish and Wildlife Coordination Act of 
1934. This law requires a federal construction or 
licensing agency, such as the Army Corps of Engi- 
neers, to consult the U. S. Interior Department and 
.state wildlife resource agencies to prevent damage to 
' wildlife resources from water development projects. 
This is the basis for the U. S. Fish and Wildlife Serv- 
ice's demand for mitigation lands at several Texas 
reservoirs (17). 
The purposes for which available water may be 
sought often conflict. Environmental purposes are 
achieved for the most part by assuring minimum 
stream flows for fish and wildlife, recreational use, 
pollution dilution, and estuary replenishment. Many 
uses of water are classified as in-stream uses. Natural 
stream flows are used not only for environmental 
purposes but for navigation, hydroelectric power, 
and other purposes that are mainly non-consumptive 
in nature. The maintenance of in-stream flows at 
minimum levels is designed to preserve the biological 
and recreational values of a stream. Estimates of flow 
requirements are crude. On some rivers, minimum 
flow needs, combined with other uses, already ex- 
ceed the water supply (55). 
Current water-use rates relative to the ground 
and surface water resources available on a sustained 
annual basis suggest that Texas is a water-deficit 
state. Because current use rates are being met by 
ground-water mining, water planning and efficient 
use are critical issues, and limitation of the water re- 
source is an important factor to the State's economy. 
If growth in population and economic activity con- 
tinue, it will be necessary to adjust to lower per capita 
levels of water usage. 
TABLE 1. ANNUAL RENEWABLE GROUND AND SURFACE 
WATER SUPPLY FOR TEXAS, BY BASINS' 
Basins 
Ground Water Surface Water 
Natural Recharge Yield from Runoff 
Canadian River 
Red River 
Sulphur River 
Cypress Creek 
Sabine River 
Neches River 
Neches-Trinity Coastal 
Trinity River 
Trinity-San Jacinto Coastal 
San Jacinto River 
San Jacinto-Brazos Coastal 
Brazos River 
Brazos-Colorado Coastal 
Colorado River 
Colorado-Lavaca Coastal 
Lavaca River 
Lavaca-Guadalupe Coastal 
Guadalupe River 
San Antonio River 
San Antonio-Nueces Coastal 
Nueces River 
Nueces-R io G rande Coastal 
Rio Grande River 
Total 
'Based on development existing in 1974 during a recurrence of the 
most severe drought period of record for each basin, respectively. 
20ne acre-foot = 325,851 gallons. 
31ncludes Texas share of Lake Texoma yield as provided under 
terms of the proposed Red River Compact. Total firm yield of Lake 
Texoma is estimated at 2,010.0 thousand acre-feet annually. 
4Based on current water rights. 
5Texas share of Toledo Bend (950,000 acre-feet) plus other reser- 
voirs. 
61ncludes Sam Rayburn with power. 
71ncludes only Texas share of Amistad and Falcon. 
Source: Texas Water Development Board, Continuing Water Re- 
source Planning and Development for Texas, Draft Report, May 
1977, and letter from Herbert W. Grubb, Director, Planning and De- 
velopment, Texas Department of Water Resources, June 12,1978. 
Ground-Water Management 
State agencies have no control over drilling of irrigation wells or 
quantities of water pumped for irrigation. 
Present efforts to manage ground water in Texas 
are on a local basis for limited objectives. For practical 
purposes, ground water is that water extractable from 
the earth through wells. All usable ground water re- 
sults from the infiltration of precipitated moisture 
through the soil mantle to the water table. From this 
point it moves through porous rocks in accordance 
with physical laws (3). 
Section 52.001, Texas Water Code, defines 
ground water as: "Water percolating below the sur- 
face of the earth and that is suitable for agricultural, 
gardening, domestic or stock raising purposes but 
does not include defined subterranean streams or the 
underflow of rivers." 
The major part of Texas ground water occurs in 
comparatively few aquifers. A major aquifer may be 
defined as one which yields large quantities of water 
in a comparatively large area of the State. Figure 2 
shows the location of the major aquifers. With the 
exception of the Edwards limestone, the important 
water-bearing formations consist chiefly of sand, 
sandstone, or sand and gravel. And with the excep- 
tion of the bolson deposits in West Texas and the 
Ogallala formation in the High Plains, they all contain 
water under artesian pressure in the areas of heavy 
withdrawals (3). 
The leading Texas court decision on legal rights 
in ground water is Houston & T. C. Ry, Co. v East, 81 
S. W. 279 (Tex. Sup. 1904). The Texas Supreme Court 
found applicable the English rule of absolute owner- 
ship and declared that "a person who owns the sur- 
face may dig therein and apply all that is there found 
to his own purposes." 
Later cases confirm that under the law of the 
State of Texas, a landowner has the right to drill wells 
and appropriate all of the underground percolating 
waters without regard to the effect upon other land- 
owners. This right is an interest in real estate and may 
be exercised by the landowner or sold to others for 
use off the land (3). 
The general opposition to control of individual 
rights at any level, be it federal, state or local, effec- 
%ely prevents the initiation of comprehensive man- 
agement programs. Once an individual obtains well- 
recognized unregulated water rights of long stand- 
ing, it is understandable that he will go to great 
lengths to protect these rights from abridgement. Few 
landowners would voluntarily cooperate in a 
ground-water control program. The effects of water 
depletion are slowly manifested, do not touch all 
users equally or simultaneously, and may delay con- 
certed action until it is too late to provide an effective 
remedy (59). 
The magnitude of recognized ground-water 
rights in Texas prevents extension of appropriation to 
ground water, as it was earlier applied to surface 
water. The divestment of such well-defined water 
rights probably would be considered an unconstitu- 
tional taking of property. Court decisions have 
welded the absolute ownership rule into a rule of 
property which would be most difficult to overturn 
when many rights are recognized in Texas (25). 
The activities of State water agencies are limited 
to fact finding, data gathering, and analysis of the 
ground-water situation. The State agencies have no 
Figure 2. Major aquifers of Texas. 
Source: Texas Water Development Board. 
control over drilling of irrigation wells or quantities of 
water pumped for irrigation (43). 
In 1968, a National Water Commission was au- 
thorized by Congress. Their report (35) on a national 
water policy, published in 1973, emphasized three 
ground-water management problem areas: (1) inte- 
grating management of ground water and surface 
water, (2) mining of ground water, and (3) ground- 
water quality. The Commission concluded that "a 
uniform national ground water law is not desirable 
because of a great variety in: aquifer characteristics; 
legal regimens allocating the resources; and in the 
economic and social milieu in which it takes place." 
But the Commission concluded that lack of sufficient 
ground-water management represents a national 
problem (43). 
Among specific recommendations made by the 
Commission concerning mining of ground water was 
that states should institute the regulation of 
ground-water withdrawal and that the regulation 
take into account the value of present use of ground 
water compared to future use for the purpose of es- 
tablishing a rate of depletion. The primary concern of 
the Federal government in this matter is the long- 
term supply of food and a smooth transition from an 
irrigated economy to a dryland economy. At the Fed- 
eral level of government, the Commission recom- 
mended that ground-water resources be included in 
future federal water resources planning and an 
evaluation of state regulation and management be in- 
cluded in planning agency reports. They also recom- 
mended that evaluation of federal rescue projects 
consider circumstances giving rise to the rescue 
projects including presence or absence of state and 
local ground-water regulation and management (43). 
In the late 1940's the rapid lowering of the water 
table of the Ogallala ground-water formation because 
of irrigation pumpage created concern. Many be- 
lieved that water was being wasted, that competition 
between closely-spaced wells was reducing their effi- 
ciency, and that the water was being mined because 
withdrawals greatly exceeded recharge. The High 
Plains Water Association was formed to push for re- 
medial legislation. This culminated in 1949 with 
enactment of the State law authorizing creation of 
Underground Water Conservation Districts (3). 
Active districts include the High Plains Under- 
ground Water Conservation District, headquartered 
at Lubbock; North Plains Ground Water Conserva- 
tion District, Dumas; Panhandle Ground Water Con- 
servation District No. 3, White Deer; Harris- 
Galveston Coastal Subsidence District, Waller; and 
Edwards Underground Water Conservation District, 
San Antonio. The latter two districts were created by 
the Legislature, which declined to give them the au- 
thority to prorate production of wells. The other dis- 
tricts have this power but have declined to use' it. 
Most districts have directed their efforts toward pre- 
vention of waste, well spacing, well recharge, con- 
servation education, and data gathering on water- 
table levels. They have not made any effort to regu- 
late the production of water from wells directly (3). 
Any area in Texas can be included in a district if it 
has substantial ground-water resources, if its bound- 
aries can be determined within the terms set out by 
the law, and if its people vote to form a district. All of 
the area within an aquifer or a subdivision of an 
aquifer should be made a part of any ground-water 
district created therein. The choice':of cities, counties, 
or precincts electing not to participate in a district 
tends to fragment the district and limit the effective- 
ness of ground-water conservation programs and the 
equity of their funding (37). 
The Ogallala Aquifer 
The Ogallala Aquifer supplies the High Plains of 
Texas with nearly all of its water for irrigation, munic- 
ipal, and industrial uses. This area includes about 
35,000 square miles in 42 counties. Roughly rectangu- 
lar in shape, it averages 300 miles north and south 
and 120 miles east and west and is divided into two 
sections by the Canadian River. The land is level and 
clear, with uniform soils, and is particularly well 
suited to agriculture when sufficient water is avail- 
able (50). 
The High Plains accounts for two-thirds of the 
total irrigated acreage in Texas. The Ogallala Aquifer 
is a declining water supply of uneven distribution. In 
some areas, the saturated thickness of the aquifer is 
less than 50 feet; in other areas, it is more than 500 
feet. Severe diminution of the water supply occurs in 
the thin sections. In some areas of the Southern High 
Plains, the water supply is essentially depleted, and 
irrigated cropland has been converted to dryland 
farming or is being returned to grasses (50). 
The amount o f  ground water used on the High 
Plains in 1974 wag estimated at 8 maf or 78 percent of 
the ground water used in the State in that year. New 
wells continue to be drilled to irrigate new acreages 
and to provide more water where older wells have 
declined in pumping rates. At projected rates of use, 
the present ground-water supplies in much of the 
Southern High Plains area are expected to be de- 
pleted to the point that they will not support irriga- 
tion by the year 2000, while those of the northern area 
may support widespread irrigation to 2040 and be- 
yond. The declining water supplies of the High Plains 
region are among the most severe Texas water- 
supply problems (50). 
Lateral movement may contribute somewhat to 
local water supplies in some aquifers. Generally, the 
total quantity of water that can be physically extracted 
in a given situation is dependent upon the thickness 
and permeability of underlying saturated materials. 
The amount of water that can be economically ex- 
tracted depends upon the price that can be paid for 
recovery. Thus, physically and economically recover- 
able quantities of water are likely to differ consid- 
erably. The Ogallala formation is characterized by a 
stable water-supply area. According to Cronin, 
"Ground water moves at a rate of about 2 inches per 
' day in the vicinity of Plainview in Hale County. . . . . It 
is recognized that this estimate is valid only under the 
geological and hydrological conditions assumed; 
however, it is believed that the estimate is of the 
proper order of magnitude for the Ogallala formation 
throughout the Southern High Plains (14)." 
This rate of movement is equivalent to about 61 
feet per year, or 1 mile in 87 years. This slow rate of 
water movement and continued irrigation on adja- 
cent farms tends to maintain existing hydraulic 
gradients. The result is that the total available water 
supply tends to be fixed for individual land own- 
ers (23). 
Ground-water management was made the re- 
sponsibility of local people with the passage of a local 
option ground-water control law in 1949 allowing the 
establishment of local ground-water management 
districts. Aside from the data gathering and educa- 
tional pursuits, Texas districts have the authority to 
require well permits, space wells, prohibit waste, and 
limit the quantity of water pumped. They have exer- 
cised all of their authority except limiting the quantity 
of water pumped. Permits are required, tailwater pits 
to eliminate waste are encouraged but not manda- 
tory, and spacing of wells is dependent upon casing 
size and well yield. There are no restrictions for farm- 
ers drilling irrigation wells outside of the operational 
ground-water management districts (43). 
Other states underlain by the Ogallala Aquifer 
vary in their institutions for ownership and manage- 
ment. In Colorado, ground water is controlled by the 
state. In Kansas, all water is dedicated to the use of 
the people of the state, subject to the control and 
regulation of the state. Control of ground water in 
Nebraska is an unresolved legal issue. The state exer- 
cises no direct control other than to require spacing of 
600 feet between irrigation wells and registration of 
wells. Ground water in New Mexico belongs to the 
public. Ground water in Oklahoma belongs to the 
landowner, but its use is subject to Oklahoma 
ground-water law. Ground water is controlled by the 
individual landowner in Texas (43). 
In New Mexico and Oklahoma, an attempt is 
being made by state agencies to ensure reasonable 
use by irrigators. New Mexico administration pre- 
scribes that the irrigation allocation should not be 
consumed in a period of less than 40 years, dating 
from 1952 for Lea County and from 1956 for the Por- 
tales Valley. Oklahoma will allocate water to land- 
owners in the various ground-water basins to ensure 
that adequate irrigation water will be available until at 
least 1993 (43). 
Section 193 of the Water Resources Development 
Act of 1976 authorizes the Secretaries of Commerce 
.and Army, with other appropriate federal, state and 
local agencies and the private sector to study the 
natural resources of the High Plains (Ogallala) Re- 
gions of Colorado, Kansas, Nebraska, New Mexico, 
Oklahoma, and Texas. The stated purpose of the ef- 
fort is to assure an adequate supply of food to the 
Nation and to promote the economic vitality of the 
High Plains Region. The act specifies that the agen- 
cies named shall study the depletion of natural re- 
sources of those regions of the states presently utiliz- 
ing the declining water resources of the Ogallala 
Aquifer and develop plans to increase water supplies 
in the area. A final report, with recommendations, 
shall be transmitted to Congress no later than July 1, 
1980 (50). 
The Gulf Coast Aquifer 
Ground-water development and use is one of the 
resource cornerstones supporting the remarkable 
growth and economic diversity of the Texas Coastal 
Zone. Water from wells, in addition to surface water, 
has supplied area needs since the middle of the last 
century. Since 1930, use of water by growing cities, 
expanding industries, and irrigation agriculture has 
increased rapidly (60). 
Most of the coastal area has not lacked for water 
resource availability. All of Texas' major river systems 
discharge into the Gulf. Their sediment transport 
feeds its beaches; their waters maintain estuarine 
environments; and, where conditions are favorable, 
the rivers recharge Coastal Zone aquifers as they 
cross outcrop areas. Ground-water management is- 
sues in the Coastal Zone are related to the oppor- 
tunities for improving the optimal mix of surface and 
ground water sources for this heavy water-using re- 
gion (60). 
The Gulf Coast Aquifer is a series of alternating 
clays, silts, sands, and gravels of the Catahoula, Oak- 
ville, Lagarto, Goliad, Willis, Lissie, and Beaumont 
formations. Ground-water-bearing aquifers are not 
consistently productive throughout the Coastal Zone. 
Water quality varies in the complex lenticular sand 
units, both vertically and horizontally (60). 
The development and use of the Gulf Coast 
Aquifer has created some difficulties. Problems have 
included declining water levels, land surface subsi- 
dence, salt water intrusion, and water quality im- 
pairment from surface and subsurface disposal of 
wastes. Increasing costs of ground-water supply are 
not shared equitably by all of the ground-water users 
in the area. Records of long-term water quality 
monitoring by the U. S. Geologcal Survey, in coop- 
eration with state agencies and the City of Houston, 
indicate changes in the slope of the ground-water 
surface. Heavy pumpage in the Houston area has 
caused an irregular alteration in the fresh-salt water 
interface in the ground-water bearing units. As the 
generally gulfward gradient has been reversed, salt 
water has been moving slowly inland toward areas of 
heavy development (60). 
A total management strategy for all the surface 
and ground-water sources that supply the Coastal 
Zone would be complex. Effective use of available 
resources might be enhanced by such a management 
program. Present Texas law relating to use of ground 
water leaves many questions unanswered and prob- 
lems unsolved. Decisions by Texas in the area of 
ground-water management may be hastened by fed- 
eral policies or actions. There is evidence of an in- 
creasing federal intent to impose federal controls and 
guidelines where necessary to prevent waste or qual- 
ity impairment of the nation's ground-water re- 
sources (60). 
A successful ground-water management pro- 
gram for the Gulf Coast Aquifer may require each 
water user to give up totally independent action in 
order to achieve a common benefit. Experience has 
shown that an individual user of a ground-water 
basin will not voluntarily exercise a management and 
conservation program unless he believes that his own 
resources are threatened. This attitude may affect 
broader interests adversely because negative effects 
on a ground-water basin do not touch all users 
equally at the same time. These effects are progres- 
sive. Before all users are equally affected and equally 
concerned, it may be too late to apply remedial mea- 
sures (60). 
The coastal area has had continuing analytical 
studies of its water needs and the potential sources 
for meeting these needs. There are choices to be made 
between mixes of surface and ground water supplies 
and among institutional and financial arrangements. 
Technical means are available to accomplish the goals 
of the coastal area. The declining water levels, ir- 
reversible land surface subsidence, and salt water 
encroachment already experienced indicate that the 
Gulf Coast Aquifer is an exhaustible resource. 
Choices must still be made as to the extent and pur- 
pose of future use and the appropriate federal, state, 
and local responsibilities (60). 
The Harris-Galveston Coastal Subsidence Dis- 
trict was created by special legislation in 1976 as a 
means of grappling with the serious land surface sub- 
sidence problem related to excessive ground-water 
withdrawal. The powers of the district are much 
broader than those of the other active special law dis- 
trict, the Edwards Underground Water District. The 
district takes in all of Harris and Galveston Counties. 
It is governed by a board which can develop a plan 
determining the areas subject to subsidence and 
make rules under which well permits will be issued. 
Existing wells receive an automatic permit, but per- 
mits for new wells are granted for periods of one year 
at a time. The district also is authorized to regulate 
spacing of wells and rates of pumpage (44). 
The Edwards Aquifer 
The Safe Drinking Water Act, Public Law 93-523 
includes Section 1424(e) which requires that: 
"(e) If the Administrator determines, on his own initiative 
or upon petition, that an area has an aquifer which is the 
sole or principal drinking water source for the area and 
which, if contaminated, would create a significant hazard to 
public health, he shall publish notice of that determinatior 
in the Federal Register. After the publication of any such 
notice, no commitment for Federal financial assistance 
(through a grant, contract, loan guarantee, or otherwise) 
may be entered into for any project which the Adminis- 
trator determines may contaminate such aquifer through a 
recharge zone so as to create a significant hazard to public 
health, but a commitment for Federal financial assistance 
may, if authorized under another provision of law, be 
entered into to plan or design the project to assure that it 
will not so contaminate the aquifer." (16) 
In 1975, the Administrator of the Environmental 
Protection Agency was petitioned to designate the 
Edwards Aquifer as a sole source aquifer under the 
provisions of the Act. A study was made of the 
geologic setting. The Edwards Plateau is a southeast- 
ern extension of the High Plains of West Texas. In 
contrast to the High Plains, where elevations range 
from about 2,500 to 4,000 feet above sea level and 
where the land surface is flat to moderately undulat- 
ing with scattered depressions and lakes, the Ed- 
wards Plateau is generally less than 2,500 feet, is 
deeply eroded and rapidly drained, and is a level up- 
land only in its central portion (16). 
The Edwards Underground Reservoir includes 
by far the most important water-bearing rock units in 
the San Antonio area in terms of total capacity and 
total water withdrawals for municipal, industrial, and 
agricultural supply. This aquifer is the source of the i largest fresh-water springs in Texas (16). 
Although about 10 percent of the recharge of the 
Edwards Underground Reservoir is the result of di- 
rect infiltration from precipitation on the aquifer out- 
crop in the Balcones Fault Zone, about 90 percent is 
primarily from seepage from streams. Aquifer re- 
charge is closely related to streamflow. All streams, 
except the Guadalupe River, that flow in from the 
Edwards Plateau lose most of their flow to the aqui- 
fer as they cross those areas where the aquifer crops 
out or is near the land surface in the Balcones Fault 
Zone (16). 
The Edwards Underground Water District is the 
principal State-chartered coordinating agency for 
ground-water development and water-quality 
monitoring in the five-county Edwards area. The Dis- 
trict, organized in 1959, was designated by the Texas 
Water Quality Board as the regional agency to coor- 
dinate and supervise the administration of the TWQB 
order for the Edwards Underground Reservoir. The 
Edwards Underground Water District's monitoring 
network includes observation wells on all parts of the 
area (16). 
The Environmental Protection Agency desig- 
nated the Edwards Underground Reservoir as a sole - 
source aquifer in the San Antonio area effectivt 
November 15, 1977. Regulations were put into effect 
under the aquifer requirements of the Safe Drinking 
Water Act. The regulations establish procedures for 
reviewing commitments of Federal financial assis- 
tance to projects in the San Antonio area. Once an 
C4 area is designated, no subsequent commitments of 
Federal financial assistance may be made to projects 
which the administrator of EPA determines may con- 
taminate the aquifer so as to create a significant 
hazard to public health. The review process is dele- 
gated to the Regional Administrator except for the 
final determination of health hazard (16). 
Other Aquifers 
Ground water is a major source of fresh water for 
municipalities, industries, and agriculture through- 
out Texas. As the population has grown, the with- 
drawal and use of ground water have increased. 
Aquifers in addition to the Ogallala, Gulf, and 
Edwards are being seriously depleted of fresh water 
and are expected to suffer water-quality deterio- 
ration (50). 
Hueco Bolson Deposits 
The City of El Paso is the largest water user in El 
Paso County. The major source of the city's water 
supply is the Hueco Bolson Deposits. The City of 
Juarez just across the Rio Grande from El Paso in 
Mexico is the second largest user of ground water for 
municipal and industrial purposes in the El Paso area. 
Its source of ground water is also the Hueco Bolson 
Deposits (50). 
Ground water from the Hueco Bolson Deposits is 
being mined. Depletions in storage are causing 
saline-water encroachment and degradation of 
ground-water quality. The natural recharge of 
ground water in the Hueco Bolson Deposits in the El 
Paso area is considerably less than the discharge by 
wells. Presently, annual well discharge is 10 times the 
estimated average annual recharge to the aquifer, and 
water levels are declining approximately 2 to 3 feet 
per year (50). 
Carrizo Aquifer 
The Winter Garden District of South Texas in- 
cludes all or parts of Dimmit, Frio, Maverick, Medina, 
Uvalde, and Zavala Counties. Throughout most of 
the district, the Carrizo Aquifer yields good quality 
.water. During the 1960's, the average annual with- 
drawal by large capacity wells was approximately 
four times the natural recharge to the aquifer. In the 
heavily pumped irrigation areas in Zavala and 
Dimmit Counties, water levels have declined more 
than 400 feet (50). 
Mining of artesian storage is causing leakage and 
encroachment of poorer quality water into the Carrizo 
Aquifer. In local areas, saline water from the Bigford 
- Formation is leaking through old well bores and 
mixes with Carrizo water, degrading its quality. In 
the eastern outcrop area of the aquifer in Frio, Atas- 
cosa, Bexar, and Wilson Counties shallow ground 
water in the aquifer contains excessive natural con- 
centrations of iron. Throughout its entire extent in 
the Winter Garden area south and southwest of San 
Antonio, the aquifer contains water which is very 
hard (50). 
Trinity Group Aquifer 
The Trinity Group Aquifer extends over a large 
area of North and Central Texas. Yields of large 
capacity wells in the aquifer range up to several 
thousand gallons per minute (gpm). In thinner sec- 
tions of the aquifer where it supplies water princi- 
pally for domestic use, most wells yield less than 100 
gpm (50). 
The sustained heavy pumpage in the Dallas-Fort 
Worth area for municipal and industrial purposes has 
caused a significant reduction in water levels. At the 
present time, water levels in the Dallas-Fort Worth 
area range from 400 to 1000 feet below land surface. 
As the use of ground water continues from the Trinity 
Group Aquifer, water levels will continue to decline, 
since withdrawal exceeds recharge. Water quality de- 
clines and pumping costs increase as the water levels 
in the aquifer are lowered. This threatens the water 
supplies of some of the cities in the north-central 
Texas area. 
Areas of Concern 
Guyton (19) listed the following areas as having 
potentially serious underground water problems: 
1. The Houston metropolitan area, including 
most of Harris County and parts of Waller, 
Fort Bend, Brazoria, Galveston, Chambers, 
and Liberty Counties; 
2. All of the High Plains area; 
3. The Dallas-Fort Worth metropolitan area, ex- 
tending northward through Sherman; 
4. The Orange metropolitan area; 
5. The Edwards Limestone Reservoir area, in- 
cluding parts of Kinney, Uvalde, Medina, 
Bexar, Comal, and Hays Counties; 
6. The Winter Garden area, including at least 
La Salle, Dimmit, Zavala, and Frio Counties; 
7. The Lufkin-Nacogdoches area; 
8. Parts of the coastal counties between Hous- 
ton and Victoria; 
9. Parts of Pecos and Reeves Counties; 
10. Parts of the El Paso metropolitan area; 
11. Some other, less-publicized areas where 
ground-water developments have been 
made and where problems of one kind or 
another have been encountered, such as 
Reagan and Glasscock Counties, Haskell and 
Knox Counties, the Van Horn area, the Dell 
City area, the Henderson area, the Kilgore 
area, the Tyler area, the Stephenville area, 
and the Kerrville area. 
In Texas, all standing water of more than 5,000 acre-feet is in manmade reservoirs 
built since 1930. 
Surface-Water Management 
The two basic doctrines of surface-water rights 
recognized in Texas are the riparian doctrine and-the 
appropriation doctrine. The corresponding water 
rights perfected under these doctrines are commonly 
referred to as riparian rights and appropriative rights. 
The riparian right is a common law right to use a 
proportionate part of the normal flow of a stream as a 
part of the ownership of lands abutting the stream. 
The appropriative right is an acquired right under a 
procedure provided by statute to divert from a water 
supply a specific quantity of public water under a 
permit (52). Application for a permit is made to the 
Texas Water Commission of the Texas Department of 
Water Resources. 
Surface water may be classified as  diffused sur- 
face water or as  water within a defined watercourse. 
Diffused surface water originates as  rain, snow, or 
sleet and continues to be surface water until it reaches 
some natural channel or watercourse. Once it reaches 
a watercourse, it becomes vart of the stream and is the 
property of the State, subjict to the rights of owners of 
riparian lands and those who have obtained appropri- 
ation rights (52). 
"The legal distinction between ordinary flow, underflow, 
and storm and flood flow is particularly significant in recon- 
ciling conflicting claims to the same water supply, which 
arise because of the dual recognition in Texas of both riparian 
and appropriation doctrines. The riparian right concept re-, 
lates to and is concerned only with the ordinary flow and 
underflow of a stream. A riparian right does not attach to 
that portion of a stream comprised of storm and flood flow, 
-and therefore generally will not attach to waters im- 
pounded by larger reservoirs. " (52). 
The appropriation doctrine was adopted by the 
State near the turn of the century. Since the Appropri- 
ation Act of 1895, land acquired from the State no 
longer carries riparian rights, and a statutory proce- 
dure has existed whereby individuals can obtain water 
rights from the State. All appropriation statutes ex- 
pressly recognized the superior position of riparian 
water rights. At first, appropriation was accomplished 
through an informal procedure; the landowner simply 
filed a sworn statement with his county clerk describ- 
ing his water diversion. Under such a loosely adminis- 
tered appropriation system, claims sometimes over- 
lapped, described huge acreages to be irrigated, or 
claimed more water than the dependable flow of the 
stream could produce. Later, certified copies of these 
claims were recognized by the State, and thus they 
came to be called "certified filings." (2) 
Since 1913, a more strictly administered proce- 
dure involves making application to a State agency, 
now the Texas Department of Water Resources, for a 
permit to appropriate water from streams. The several 
purposes for which water may be appropriated are 
identified in Sect. 5.023, Texas Water Code, and the 
order of priority or preferences between these uses is 
listed in Sect. 5.024, Texas Water Code. 
rq 
At the end of December 1976, the Water De- 
velopment Board reported authorized and claimed 
amounts of 56.9 maf of water (Table 2). Most existing 
permits claim water for irrigation, although many of 
the largest are for municipal and industrial use or for 
hydroelectric power generation. Permit holders must 
file annual reports of water use with the Water Rights 
Commission, so that reasonably accurate records of 
appropriative water use are available to aid water re- 
source administrators and planners (44). 
With both doctrines recognized in Texas, numer- 
ous riparian and appropriative rights exist on the same 
streams, creating problems for Texas courts and water 
agencies in trying to correlate these conflicting types of 
rights. Following years of unsuccessful attempts to 
correlate these rights, and to more accurately define 
and delimit the nebulous riparian rights, a Water 
Rights Adjudication Act was passed (Sect. 5.301-5- 
341, Texas Water Code) in 1967, and adjudication of 
water rights is currently in progress (44). 
The actual process of water-rights adjudication 
started shortly after most of the unrecorded claims 
were received by the Commission. Once adjudication 
is completed, certificates of adjudicated water rights 
will be issued to successful claimants. If the Act sur- 
vives expected court tests, then for the first time, ripa- 
rian rights will be limited to a specific maximum quan- 
tity of water (44). 
The Commission is attempting to cancel, either 
wholly or partially, unused appropriation permits. 
Some permits were obtained under the loosely ad- 
TABLE 2. AUTHORIZED OR CLAIMED AMOUNT OF SURFACE WATER BY TYPE OF USE, BY BASIN, DECEMBER 31,1976 
Basin Municipal Industrial Irrigation Mining Hydroelectric Recreation Total 
----- 
Canadian River 
Red River 
Sulphur River 
Cypress Creek 
Sabine River 
Neches River 
Neches-Trinity Coastal 
Trinity River 
Trinity-San Jacinto Coastal 
San Jacinto River 
San Jacinto-Brazos Coastal 
Brazos River 
Brazos-Colorado Coastal 
Colorado River 
Colorado-Lavaca Coastal 
Lavaca River 
Lavaca-Guadalupe Coastal 
Guadalupe River 
San Antonio River : 
San Antonio-Nueces Coastal 
Nueces River 
Nueces-Rio Grande Coastal 
, Rio Grande River 
Total 
Includes "Recharge" - 961 acre-feet. 
Source: Texas Water Development Board, Continuing Water Resource Planning and Development For Texas, Draft Report, May 1977. 
ministered certified filing system. Others represent 
unusual allocations of water made by permit from the 
Commission and its predecessors. Vested water 
rights such as these cannot be altered without a forfei- 
ture proceeding, and the water to which they pertain 
is not subject to reappropriation until the permits are 
cancelled or reduced (47). 
Progress to the judicial phase of adjudication and 
subsequent appeals probably will take many years. 
By September 1974, the Commission considered that 
the process of adjudication was about one-third com- 
plete (53) and expects adjudication to be completed in 
the next 10 years. In any event, it will be some time 
before all Texas surface-water rights are reasonably 
well established (44). 
Diffused Surface Water 
When water falls from the atmosphere as precipi- 
tation, it becomes diffused surface water. Diffused 
surface water is surface drainage. over the face of a tract 
of land which is not yet concentrated into a channel or 
watercourse. An essential characteristic is that flows of 
diffused surface water are relatively short-lived. 
In Texas, it is generally established that land- 
owners have the right to intercept and use diffused 
surface water on their land. Their right is superior to 
that of adjacent lower landowners and to any 
suface-water right holder on streams into which the 
runoff water might eventually flow (5). The rule in 
Texas is similar to that in most other jurisdictions. No 
state has gone so far as to attempt appropriation of 
diffused surface water (5). 
A Texas statute, Sect. 5.140 of the Texas Water 
Code, provides that diffused surface water can be im- 
pounded by the landowner on his own property with- 
out the necessity of obtaining a permit so long as the 
reservoir does not exceed 200 acre-feet in capacity. 
This includes the small impoundments commonly 
called stock tanks or farm ponds. Since 1953, water in 
these small reservoirs may be used only for domestic 
and livestock purposes. A permit is required from the 
State if the dam is on a stream course, if the reservoir 
exceeds the storage limits, or if the water is to be put to 
other uses. A recent Water Rights Commission survey 
of reservoirs exceeding 50 acre-feet storage capacity 
revealed more than 800 reservoirs which may require 
permits (53). 
Downstream water users usually -me of the opin- 
ion that small reservoirs and related conservation land 
treatment practices have the effect of reducing their 
water supply (4). A recent study of diffused surface 
water use in Texas by the Texas Society of Professional 
Engineers (48) gives a great deal of credence to this 
concern and concludes that such small impoundments 
result in major water losses. 
The impact of such small reservoirs is determined 
by their size and number and the amount of runoff. 
The law permitting landowners to construct such res- 
ervoirs applies throughout the State and does not con- 
sider the wide variations in rainfall, runoff, and other 
hydrologic factors that affect surface water yield. 
Small reservoirs are most numerous in the central 
part of the State where annual runoff, except for South 
Texas, exceeds one inch. For example, more than 8,000 
stock tanks and farm ponds are in the Nueces River 
Basin's 19 counties according to a recent survey by the 
Soil Conservation Service. Because they can be con- 
structed at will by landowners, the number is growing 
rapidly. Such reservoirs have an average capacity of 
only 6.5 acre-feet, but they intercept the runoff from a 
watershed averaging 136 acres (45). 
It has been calculated that near El Paso a 
watershed of 24,000 acres is required, under normal 
conditions, to supply a 200 acre-foot reservoir, permit- 
ted under Sect. 5.140, Texas Water Code; 10,000 acres 
on the High Plains; 2,400 acres in Central Texas; and 
only 600 acres in East Texas (48). 
Many small impoundments are quite shallow 
with large surface areas compared with storage capac- 
ity. Losses of water are heavy from evaporation, tran- 
spiration by vegetation, seepage, and percolation. In 
others, the quantity of water allowed to be impounded 
under Sect. 5.140 is large. A landowner without a 
permit can impound more than 65 million gallons of 
water in a single reservoir for domestic and livestock 
purposes, and he can build as many reservoirs as his 
land will fill. This is estimated to be 85 times the 
amount of water actually needed by a typical single- 
family cattle-ranching operation on three sections of 
land (48). I 
The fears of downstream water users that their 
water rights could be seriously impaired as small res- 
ervoirs in the watershed increase in number and size 
seem justified. Under present Texas law, they would 
have no legal recourse. The Texas Society of Profes- 
sional Engineers has recommended that Sect. 5.140 of 
the Texas Water Code be revised and that no small 
reservoir larger than 10 acre-feet in storage capacity be 
allowed without a permit from the Water Rights 
Commission (48). 
Water Within a Watercourse 
A watercourse has been defined in Texas as hav- 
ing a bed, bank, water current, and permanent sup- 
ply source. The stream need not be perennial but 
must flow regularly enough that a running stream is 
maintained for a considerable time. Water is obtained 
from two main sources - surface watercourses and 
ground water. The amount of surface water available 
is determined by the magnitude and distribution of 
the annual precipitation, the proportion of the pre- 
cipitation that reaches the watercourses, and the 
availability of reservoir storage. Reservoir storage al- 
lows the changing of water allocation over time. Ex- 
cess water during wet periods can be held and then 
released for use in dry periods. This reallocation may 
occur within a given year or over a period of several 
years. The water in storage is subject to losses due to 
evaporation and percolation into the underlying 
ground strata. Reservoir projects are usually located 
so that percolation losses are minimized, leaving 
evaporation losses as the major restriction on the 
quantify of water that can be made available for use 
through storage. The length of time water would 
have to be held in storage to even out the annual 
flows is determined by the variability in annual pre- 
cipitation and runoff. The combination of the storage 
time required and the evaporation losses places an 
upper limit on the quantity of water that can be made 
available. If there were no storage losses, the mean 
annual runoff would represent the maximum quan- 
tity of water that could be made available for use over 
time (10). 
Since losses do occur while water is in storage, 
the upper limit on water availability through storage 
will always be less than the mean annual runoff. The 
amount of the potential loss is a function of the an- 
nual evaporation losses and the length of time the 
water is held in storage. The storage time is direct- 
ly related to the variability in annual precipitation. 
As the variability in precipitation increases, the stor- 
age time required to yield a uniform flow also in- 
creases (10). 
After the abolition of the National Resources 
Planning Board in 1943 and the similar disposal of 
most state planning agencies, the states pursued their 
separate ways in water development, depending on 
their state finances and their political convictions. In 
Texas, until 1957, when the Texas Water Planning Act 
created a Planning Division in the Texas Board of 
Water Engineers, no single agency existed with au- 
thority for statewide planning (38). 
In the case of water resource development, it is 
particularly necessary to plan well in advance, choos- 
ing carefully between alternative proposals, if the in- 
clusion of one purpose excludes the possibility of 
creating another. The President's Water Resources 
Policy Commission of 1950 states that: 
"Once they are completed, major water control features can 
be altered only with difficulty or not at all. There are only a 
relatively few possible dam sites, and once they are appro- 
priated, the possibilities for economic multiple-purpose de- 
velopment are very limited. Once an irrigation project is 
developed, it cannot be moved because unfavorable soil or 
climate factors are discovered. There is a sobering finality 
in the construction of a river basin development; and it 
behooves us to be sure that we are right before we go 
ahead." (38) 
In considering new water resource development 
and the benefit to be derived, it is useful to consider 
past experience in Texas. Canyon Dam is on the 
Guadalupe River in Coma1 County, Texas. It im- 
pounds a reservoir known as Canyon Lake, which 
has a surface area of about 8,300 acres. It is 9 miles 
?ong and 4 miles across at its widest point. The dam 
was built by the U. S. Army Corps of Engineers in 
1958-64 for the purposes of flood control and conser- 
vation storage (12). 
Canyon Lake is the only large impoundment in 
the Guadalupe River Basin. Because it is isolated from 
the effects of similar projects, it was selected in 1974 
for a reservoir-impact or hindsight study. The pur- 
pose of the research was to compare expectations and 
results from the project. Expectations were deter- 
mined from the records of meetings, hearings, com- 
munications, and legislation over the 30 or more 
years between the first mention of a large dam on the 
Guadalupe above New Braunfels and the beginning 
of construction. Dr. Earl Cook of Texas A&M Univer- 
sity, the Principal Investigator for the study, made 
this summary of the changing mix of anticipated ben- 
efits. 
"In the three decades between the earliest proposals for a 
large dam on the upper reaches of the Guadalupe River and 
the start of construction on Canyon Dam, the mix of antici- 
pated benefits changed considerably. 
"Benefits to navigation loomed large in the early vision, but 
were regarded as negligible in the final analysis; the genera- 
tion of electricity was a major aim for 25 years and was 
retained in the final plans as a future alternative; after the 
completion of the small hydroelectric plants downstream, 
the benefits of controlled release to them became apparent. 
The perception of future benefits from conservation storage 
seems to have grown mainly during the prolonged drought 
which ended in 1957, for until then the basin's needs for 
municipal, industrial, and irrigation water had been taken 
care of adequately by ground water and existing surface 
supplies, including the springs along the Balcones Escarp- 
ment. The anticipation of large benefits from water-related 
recreation was late-blooming. The only benefit whose an- 
ticipation was carried undiminished through these thirty 
years was that of flood control; floods during this period 
served to accentuate the perception and augment the calcu- 
lation of benefits to be obtained from flood control. 
"A benefit confidently anticipated by almost everyone in- 
volved in the planning and promotion of Canyon Reservoir 
was a general lift to the economy of the basin. The anticipa- 
tion of such external benefits lay behind the reluctance to 
abandon power production as a purpose, as it lay behind 
the early emphasis on navigation improvement and the 
later emphasis on water conservation. The expectation that 
cheap freight rates, cheap electric power, a guaranteed 
water supply and flood protection would attract industry 
was linked to the assumption that industrialization would 
bring pervasive economic benefits to the Guadalupe ba- 
sin." (12) 
One of the aims of a hindsight study is to deter- 
mine whether a project has been a good investment 
of public funds. In the case of Canyon Reservoir, the 
evaluation team concluded that flood crests were ac- 
tually reduced. The major economic benefit was the 
transfer of federal funds into the region to build the 
dam and operate the reservoir. Ecological costs were 
minor. The chief beneficiaries were the owners of 
land in the floodplain below the dam, the owners of 
land around the shoreline of the reservoir, and the 
recreationists who use the lake. The cost is being 
borne mainly by all taxpayers and partially by the 
sale of water. Under existing law, the water in the 
reservoir constitutes a reserve, probably for munici- 
pal use (12). 
Reservoirs 
Section 5.028 of the Texas Water Code, known as 
the Wagstaff Act, was enacted in 1931. It reads as 
follows: 
"Any appropriation made after May 17, 1931, for any pur- 
pose other than domestic or municipal use, is subject to the 
right of any city or town to make further appropriations of 
the water for domestic or municipal use without paying for 
the water. However, this section does not apply to any 
stream which constitutes or defines the international boun- 
dary between the United States of America and the Repub- 
lic of Mexico." (39) 
Although the statute has been in effect for many 
years, its authority has not been exercised by any city 
or town to date. Therefore, there is only limited in- 
terpretation by the courts as to the constitutionality of 
this statute (39). 
In a water-short area, a large reservoir can fully 
develop the water resources of the watershed up- 
stream from the reservoir. A necessary part of this 
development is a permit from the Water Commission 
appropriating to the user the right to use the water 
developed. For a large project, this can result in there 
being no more water available for appropriation in 
the watershed upstream from the reservoir. The 
Commission is statutorily prohibited from granting a 
permit if it finds there is no water available for ap- 
propriation or that it would impair existing water 
rights. This inability to grant permanent rights to use 
water applies even if a prior municipal or industrial 
water right may not be fully utilized for many years in 
the future (39). 
The Commission may alleviate this problem by 
the issuance of water permits for a specific number of 
years until it is needed by the downstream user. Thus 
far, these term permits have been restricted to uses 
that are compatible with a limited period such as irri- 
gation and some industrial uses (39). 
The surface-water resources available for use on 
an annual basis were summarized by the Texas Water 
Development Board from a variety of sources. Direct 
runoff of rainfall and spring flow from underground 
formations comprise the largest source of fresh water 
in the rivers and streams of Texas. The highly variable 
nature of rainfall and its associated runoff have re- 
quired the construction of reservoirs which alter the 
natural distribution of streamflow and augment 
surface-water supplies (50). 
To assess the total available surface-water sup- 
ply, the Board used two basic hydrological tech- 
niques. The results of the Board's Hydrologic Data 
Refinement Study were used for those basins for 
which it had been completed (Sabine, Sulphur, San 
Antonio, and Guadalupe River Basins); while the 
naturalized flows computed in the Bureau of Recla- 
mation Texas Basins Study were updated for the re- 
maining basins. The procedure involves a simple 
arithmetic accounting of all gains and losses in each 
reach of the river basin being analyzed. Surface water 
available from runoff in 1974 is summarized by basin 
in Table 1 (50). 
The storage capacity is the volume of water that 
can be held within the reservoir. The capacity of each 
reservoir is divided into four categories: dead storage, 
conservation storage, flood-control storage, and total 
storage capacities. The dead storage capacity is the 
volume below the lowest outlet level of the dam from 
which water cannot be released by gravity flow. The 
conservation storage capacity is the volume between 
the lowest outlet and the normal maximum operating 
level from which water can be released or withdrawn 
for beneficial uses. The flood control storage capacity 
is the volume below the lowest uncontrolled spillway 
crest or top of gates of a dam allocated to store flood- 
waters, which can be released at a controlled rate as 
rapidly as channel capacities permit' without causing 
damage downstream. The total storage capacity is the 
maximum volume provided by the lowest uncon- 
trolled feature of the reservoir dam, which may be the 
emergency spillway crest, the service spillwiy crest, 
the invert of inlet to the outlet works, top of gates, or 
top of dam below which storage can be controlled and 
above which uncontrolled spillage occurs (29). 
The firm yield for a reservoir can be expressed as 
the maximum amount of water that can be supplied 
continuously by a reservoir under conditions of the 
driest and most severe drought period known to have 
occurred at that site. The firm yield will be larger than 
the dependable or safe yield that assumes a safety 
factor. The contribution of a reservoir to a system 
supplying a specific water requirement is dependent 
upon the content in conservation storage at the be- 
ginning of the critical period and the amount of in- 
flow to and losses from the reservoir during the 
period. Firm yield is decreased by net loss of water by 
evaporation from the reservoir surface, by leakage, by 
seepage or infiltration, and by evapotranspiration 
from adjacent ground and vegetation (29). 
The firm yield and the dependable yield of a res- 
ervoir will be reduced each year the reservoir is in 
operation as the initial conservation storage capacity 
is depleted by sedimentation. Sediments consisting 
of silt, clay, sand, rock and other materials are trans- 
ported in suspension and by movement along 
streambeds by water flowing into reservoirs. As the 
capacity of a reservoir is reduced by sedimentation, 
less water can be held in conservation storage. The 
locations of the sediments deposited in the reservoir 
alter the area-capacity relationships and may have a 
significant effect upon reservoir yields (29). 
Conservation storage capacities and contents 
yield differently in different parts of Texas. In humid 
East Texas, a reservoir may provide a firm yield equal 
to or larger than its conservation storage capacity. In 
subhumid Central Texas, a reservoir may provide a 
firm yield equal to only one-fifth or less of its conser- 
vation storage capacity. In semiarid and arid West 
Texas, a reservoir may provide a firm yield varying 
within a range equal to one-tenth to one-thirtieth or 
less of its conservation storage capacity. Compilations 
of reservoir capacities and contents are only relatively 
indicative of the available water supply. Detailed 
""4. studies are necessary to provide reliable estimates of 
the true water supply potential (29). 
In some cases, the capacity of a conservation 
storage reservoir has been determined on the basis of 
design drought criteria and an existing need for water 
for a particular purpose. In other cases, the capacity is 
determined on the basis of design-drought criteria 
and future water requirements. When the needed 
capacity has been determined, hypothetical reservoir 
operations are planned using the design drought 
criteria applicable to the area. This determines the 
size of reservoir sufficient to supply the water re- 
quirement (29). 
For any group of independent water supply sys- 
tems, the level of water deficiency that creates supply 
problems will be different for each system. Each faces 
a different level of demand determined by prices, 
consumer composition and the like. Each has a differ- 
ent safe yield determined by capacity and manage- 
ment decisions. Therefore, the level of natural varia- 
tion in rainfall at which each system will be unable to 
meet demand will be different. Weather constituting 
a drought for one system may cause no problem in 
meeting demands for water by other systems. Rela- 
tively common periods of rainfall shortage may be 
enough to bring some systems to the point at which 
restrictions will be instituted or emergency supplies 
tapped (6). 
R Average annual demand may be a fairly stable 
figure which can be estimated in advance from ex- 
pected population growth and projections of per 
capita water use based on knowledge of social habits 
that change relatively slowly. But the naturally avail- 
able annual supply will be highly variable. It will de- 
pend on climatic and hydrologic conditions in the re- 
gion as total precipitation is modified by ground 
water and runoff conditions to produce variations in 
streamflows. Supply adjustments may include reser- 
voir storage, aimed essentially at leveling supply (6). 
Water supply systems are complex networks de- 
signed to collect, store and distribute water. The sys- 
tem planning process considers the functions of col- 
lection and storage, since these are most important to 
an understanding of the impact of long-term water 
storage. Water system planners seek out and evaluate 
available sources of supply in response to actual and 
anticipated levels of demand. There is almost always 
a choice of size and timing of development, and fre- 
quently of source as well. Costs of expansion are 
compared with possible costs of shortages to be ex- 
pected if expansion is postponed. Demand tends to 
increase directly. with a growing urban population 
and increases in per capita water use. Since both res- 
ervoirs and wells provide new water supplies in rela- 
tively large amounts at one time, the characteristic 
- pattern of system growth involves the periodic intro- 
duction of oversupply. This surplus is eliminated if 
demand continues to grow. In event of drought, a 
system which has recently completed a large addition 
to its capacity has less of a water supply problem than 
a system which has allowed demand growth to ap- 
proach or exceed available supply (6). 
The basic supply capacity of a water system is 
determined by its flow and storage characteristics. 
Water inflow varies with rainfall, streamflow, runoff 
and recharge. Storage is much less varied and is re- 
ported in relation to capacity of available reservoirs. 
Storage changes the level of flow which can be at- 
tained on a stream over a period of time. It is difficult 
to be sure of the amount of storage needed to produce 
a given flow at a particular level of assurance such as 
95 percent. One method of estimating storage re- 
quirements on a stream is by a "design drought" or 
some specific period of low flows. Reservoirs are then 
designed to provide the required flow even under the 
precipitation-runoff condition existing during the 
"design drought." The required flow can then be 
considered a "safe" yield in the same sense of proba- 
bility of occurrence (6). 
Agi ng of Reservoirs 
Geologic creation did not provide Texas with any 
large, natural bodies of water. All standing water of 
more than 5,000 acre-feet in the State is in manmade 
reservoirs built since 1930. Many of these reservoirs 
are already showing signs of aging. Careful manage- 
ment is required for reservoirs and for entire river 
basins if aging is to be kept under control. Mrs. Lou 
Ellen Ruesink, Editor of Texas Water Resources, has 
described the aging process as follows: 
"All lakes age naturally by filling up with sediment and 
decomposed organic matter; however, many natural lakes 
formed thousands of years ago are younger in lake age than 
modern Texas reservoirs. 
"When a reservoir is no longer able to serve its intended 
functions - water conservation, power plant cooling, 
flood control, recreation, or municipal supply - it is con- 
sidered functionally extinct. It is also extinct when the cost 
of maintenance is more than the benefits derived from it. 
"An extinct lake may fill up with silt and organic material so 
that it is no longer able to hold water for flood control or 
conservation just as a reservoir designed for power plant 
cooling will not be functional when filter-clogging algae or 
plants become too big a problem. Environments unsuitable 
for good fish to survive or water unpleasant to look at or 
drink are other signs of extinction. 
"Many lakes within the state will become extinct long be- 
fore they should unless management practices are de- 
veloped to slow down the rate of plant production. 
"Reservoir planners estimate the useful lifespan of a reser- 
voir before construction ever begins. Nutrients, light, tem- 
perature, and watershed sediment load are all considered 
in determining the number of years of expected usefulness. 
Lifespan for Texas reservoirs is considered to be only 100- 
125 years. 
"The major sign of advanced age in Texas reservoirs is ex- 
cessive algae and weed growth encouraged by an oversup- 
ply of nutrients, shallow lake basins, long hours of sun- 
light, and mild winter temperatures. Agencies such as the 
Soil Conservation Service have educated farmers, highway 
builders, and developers to minimize sediment load in 
runoff. The siltation problem (reservoir filling up with sed- 
iment from fields upstream) is no longer as major as it once 
was." (41) 
Eutrophication is the natural aging of a lake or of 
a reservoir which is a manmade lake. All reservoirs 
are aging and will eventually die. Lifespan and use- 
fulness of reservoirs can be lengthened and enhanced 
by proper care. 
There are two basic types of reservoirs in Texas: 
soft water, protected reservoirs of East Texas, and 
hard water, wind-whipped reservoirs of Central and 
West Texas. East Texas reservoirs, protected by hills 
and trees, are quite clear and stable and are typical of 
reservoirs found throughout the Southern Pine 
Forest states (41). 
Central and West Texas reservoirs, and those 
found throughout the Central and Southwestern 
United States, are generally shallower than those in 
East Texas and have almost constant suspended tur- 
bidity. Water in these reservoirs may be as much as 
ten times as hard with twice as much phosphorus and 
other nutrients as those lakes in forested areas. The 
chemical nature of the lakes is very different because 
of the types of runoff areas: forest land in East Texas, 
limestone and agricultural land in Central and West 
Texas (41). 
Such rooted water weeds as water hyacinth and 
hydrilla choke entire areas of East Texas reservoirs. 
Rooted plants are not a problem in Central and West 
Texas reservoirs because of the wind and turbidity. 
Over production in these reservoirs is in the form of a 
floating microscopic algae. Management practices to 
slow plant production include reduction of new nu- 
trients coming into a reservoir and removal of nutri- 
ents already there (41). 
Sewage effluent is a principal source of nutrients. 
~ l m o s t  all of the treated sewage in Texas is heavily 
loaded with phosphorus and nitrogen because ter- 
tiary treatment to remove them is not required. 
Another major source of nutrients in reservoirs is ag- 
ricultural runoff. The same nutrients a farmer adds to 
his fields, when washed into a reservoir, will cer- 
tainly stimulate plant production (41). 
Flushing at certain times of the year when the 
water in a reservoir is loaded with nutrients is desir- 
able if the practice is compatible with reservoir man- 
agement for flood control or conservation. The first 
heavy rain in the spring is loaded with nutrients and 
could be flushed immediately. Later runoff is rela- 
tively clean (41). 
Surface water in reservoirs does not have as 
many nutrients as lower layers because the nutrients 
have been taken up by plants. When the plants die, 
they sink to the bottom and release nutrients into that 
layer. Plant harvesting is a way to remove existing 
nutrients from a reservoir. Experiments are under 
way using large floating harvesters to cut and bale 
water weeds to be used for cattle feed (41). Sufflclent Inflow of fresh water IS necessary for the protection and malntenance of Texas estuaries. 
Fresh-Water Inflows for Estuaries 
The Texas Gulf Coast has ten estuarine systems 
scattered from Louisiana to Mexico. These are 
Sabine-Neches, Trinity-Galveston, Brazos, East 
Matagorda, Colorado, Lavaca-Tres Palacios, Guada- 
lupe, Mission-Aransas, Nueces, and Laguna Madre 
(Figure 3). They vary considerably in size, volume, 
use, accessibility, commercial importance, and  
ecological characteristics (28). 
Texas Senate Concurrent Resolution 101 spon- 
sored by Senator A. R. Schwartz of Galveston in 1974 
recognized that a "sufficient inflow of fresh water is 
necessary to protect and maintain the ecological 
health of Texas estuaries" and that "the Texas Coun- 
cil on Marine-Related Affairs, in cooperation with 
other interested and knowledgeable parties, under- 
take a comprehensive study of the problem of provid- 
ing estuarine inflows." The resolution resulted in a 
study by the Center for Research in Water Resources 
at The University of Texas at Austin. 
' The study area chosen was the Corpus Christi 
Bay System and part of the Coastal Bend Council of 
Governments. Three primary reasons for the choice 
were (1) the area contained an active harbor, a met- 
ropolitan center, a controlled watershed, a commer- 
cial fishery, and other typical developed components; 
(2) the data on the surface-water resources of the area 
appeared sufficient for illustrative mathematical 
modeling; and (3) the area was already the subject of 
intensive study aimed at developing analytical tools 
for coastal zone management (28). 
Estuaries are semi-enclosed coastal bodies of 
water which have a free connection with the open sea 
and within which sea water is diluted with fresh 
water from land drainage. Sea water from the Gulf of 
Mexico has a characteristic salinity of about thirty five 
parts per thousand. Low-salinity fresh water dilutes 
the high-salinity sea water and produces a salinity 
pattern which ranges below that of the Gulf. Es- 
tuaries along the Texas Gulf Coast are characteristi- 
cally of the shallow, drowned river type, show almost 
complete vertical mixing, and have relatively high net 
biological productivities (28). 
Normally, sea water enters the estuary during 
high tide, and a mi,xture of marine and fresh water 
leaves during low tide. Shallow, circular estuaries, 
such as most of the Texas Gulf systems, can have 
much of their water blown out to sea during "north- 
ers" and can have smaller sections left dry during 
lesser storms. Internal obstacles have a critical impact 
on circulation patterns in some estuaries. Oyster 
reefs, transportation causeways, spoil islands, and 
solid waste dumps may hinder and redirect water 
flow (28). 
Human use of estuaries includes such activities 
as industrial water supply (particularly cooling), 
transportation, commercial fishing, waste disposal, 
recreation and mineral extraction. Nature uses es- 
tuaries and surrounding areas as aquatic nurseries 
and wildlife and fish habitats. Estuaries play a vital 
role in the life cycle of an estimated 65 percent of the 
nation's marine fisheries. Human modification of 
fresh-water inflow commonly impairs biological 
functions of an estuary (28). 
A relatively low species diversity derives directly 
from the high-stress conditions found within es- 
tuaries. Wave action, tidal cycles, storms, and vari- 
able currents affect estuaries, precluding develop- 
ment of stable climax ecosystems. Organisms selec- 
tively adapted to this environment normally have one 
or more defensive mechanisms for escaping or 
weathering short duration environmental extremes. 
Long duration problems cause large-scale changes in 
species structure. Some Texas estuaries have lost 
long-established oyster colonies because decreased 
river flows for several consecutive years caused es- 
tuarine salinity concentrations to rise to levels pre- 
ferred by oyster predators (28). 
estuaries to industrial man. Biological evolution can- 
not keep pace. Species are replaced by others already 
equipped for survival in new, human-imposed ; 
environments. Land areas, watersheds, and coastal 
waters adjacent to estuaries impact upon estuarine 
sensitivities. Water resource managers are aware of 
the implied undesirability of rapid environmental 
changes and may be willing to release fresh water to 
downstream estuaries if a scientifically derived re- 
lease schedule is available (28). 
Reservoirs have usually been built because they 
met economic criteria demonstrating an ability for 
users to pay for the water. Capacity is planned to 
meet municipal, industrial, and other needs. The 
existing legal priority system gives municipalities first 
priority for acquisition of surface water, and they 
have preemptive rights over other users. The es- 
tuarine system has no specified legal basis for compe- 
Organisms now comprising estuarine com- 
munities have been adapting structurally and be- 
haviorally to their environment since long before the 
settlement of Texas, and herein lies the sensitivity of 
Figure 3. Locations of the estuaries. 
Source: Texas Water Development Board. 
ting for available fresh water. Such rights may be de- 
manded for the purpose of protecting and preserving 
a valuable resource. The result could mean a conflict 
between'the development goals of cities and the 
ecological goals for estuaries (28). 
The investigation by the University of Texas indi- 
cates that if fresh-water releases for estuarine man- 
agement become public policy, there is conflict with 
other demands. Each input data sequence indicated 
that fresh-water contributions from the Nueces River 
were required for approximately half of the summer 
months over the simulation period. Addition of Cor- 
pus Christi Bay as a legitimate fresh-water customer 
appeared to introduce a significant burden to the de- 
livery capacity of the Lower Nueces River System. 
Under the conditions of the study, not even the in- 
troduction of Choke Canyon Reservoir saved the 
water system from experiencing repeated periods of 
system stress (28). 
The State Legislature in 1975 enacted S. B. 137 
which amended Chapters 1, 5, and 11 of the Water 
Code. This bill did three things: (1) It added as State 
policy "the maintenance of a proper ecological 
environment of the bays and estuaries of Texas, and 
the health of the related living marine resources" 
(1.003.1). (2) It directed the Water Rights Commission 
to consider estuaries: "In its consideration for a per- 
mit to store, take, or divert water, the Commission 
shall assess the effects, if any, of the issuance of such 
permit upon the bays and estuaries of Texas," (5.145). 
rq (3) It gave a more specific directive to the Texas Water 
Development Board in doing estuarine studies and 
required other State agencies to cooperate: "Staff 
shall. . . . investigate the effects of fresh water inflows 
upon the bays and estuaries of Texas." (11.062b.5). 
"The Board shall carry out comprehensive studies of 
the effects of fresh water inflows upon the bays and 
estuaries of Texas, which studies shall include the 
development of methods of providing and maintain- 
ing the ecological environment thereof suitable to 
their living marine resources. The studies shall be 
completed and the results published by December 31, 
1979. The Texas Water Rights Commission, the Texas 
Water Quality Board, the General Land Office, the 
Parks and Wildlife Department, and the Texas 
Coastal and Marine Council are authorized and di- 
rected to assist and cooperate in all possible ways 
with the Board in this undertaking." (11.108) (34) 
The Board contracted with the Remote Sensing 
Center of Texas A&M University (RSC) for a 1976 
season-long remote sensing study of certain critical 
river deltas along the central Texas coast. The study 
was designed to provide the Board with a documen- 
tation of the extent, spread and species composition 
of several classes of marsh habitat (1). 
The wetlands study sites comprised seven sepa- 
rate estuarine areas extending from upper Nueces 
L4 Bay along the central Texas coast to the delta of the 
Colorado River. Each coastal wetlands area was 
formed by a unique set of natural processes and is 
different from the others (1). 
The final report of the wetlands study points out 
that there is little or nothing that man can do to 
enhance the function of a natural wetlands area. Even 
with the best of intentions, the average coastal engi- 
neering project works to the detriment of ongoing 
natural processes. The wetlands are the most produc- 
tive areas on earth. A greater weight of this planet's 
edible foodstuffs originates from a unit area of 
healthy wetlands than from any equivalent area 
elsewhere. The submersed vegetated areas also func- 
tion as a nursery habitat for the juvenile population 
of fisheries species which we eat. Degradation of 
the nurseries or of the higher elevation vegetated 
areas results in a diminution of total fisheries produc- 
tivity (1). 
All of the wetlands study areas have been im- 
pacted by man's activities, but in varying degrees. 
The Guadalupe delta, because the river is in a rela- 
tively untouched state, behaves pretty much as a del- 
taic marsh should. The Lavaca delta appears to have 
been the most modified of the delta areas, and possi- 
bly is beyond effective reversal. The Colorado delta, 
undergoing the greatest amount of current change, is 
probably most amenable to recovery with appropriate 
management decisions (1). 
The Nueces delta is trending downhill and will 
probably continue to do so because of commercial 
development. Turnstake Island and Pass Cavallo are 
recovering from earlier construction activities. The 
wetlands there seem robust and extensive. Unless 
further degradations occur locally or up-estuary, 
these areas can probably maintain their present pro- 
ductivity. The Aransas Pass area varies in that the 
northeast portion seems to be on the mend, while the 
southwestern area seems to be worsening (1). 
The estuarine environment, under the proper 
circumstances, seems capable of renewing itself. If 
periodic flooding of deltaic wetlands is inhibited or 
prevented entirely, the value of maintaining a partic- 
ular level of fresh-water inflow into the estuaries is 
unclear. Dredging, along with attendant spoil deposi- 
tion, appears to be the greatest single damaging 
mechanism in the Texas coastal wetlands. Whatever 
may be the practical arguments for channelization or 
for the building of flood control dams, one can be 
certain that these construction activities will not be 
beneficial to marsh productivity (1). 
Moseley (34) indicates that the Legislature must 
make some basic state policy decisions concerning the 
estuarine resources. As development continues, 
choices must be made. According to the Texas Water 
Development Board, the commercial harvest of 
fishery resources is greater in value from Texas than 
from any other Gulf state. Recreation and tourism 
associated with these estuarine systems generate 
more than $5 billion annually. The Board has prelimi- 
nary estimates of required, sustaining annual gaged 
river inflows to major Texas estuarine systems of 6.1 
maf (Table 3). Continuation of present trends for 
population increase, industrial development, and per 
capita rates of water use will put increasing stress on 
fresh-water inflows. 
TABLE 3. GAGED RIVER INFLOWS TO MAJOR TEXAS ESTUARINE SYSTEMS (AMOUNTS IN THOUSANDS OF ACRE-FEET) 
Preliminary 
Estimated 
Minimum Maximum Average Sustaining 
Monthly and Monthly and Historical Annual Gaged 
Minimum Maximum Gaged River River Inflows 
Major Estuarine Annual Gaged Annual Gaged Inflows, 
River(s) System Inflows Inflows 1941 -74 a b 
Nueces River 
San Antonio and 
Guadalupe 
Rivers, 
Coleto Creek 
Lavaca and 
Navidad 
Rivers 
Trinity River 
Neches and 
Sabine 
Rivers 
Annual Totals 
Nueces-Corpus 1 (Feb. 1942) 
Christi 76 (1962) 
Guadalupe-San 
Antonio 5 (June 1956) 
234 (1956) 
Lavaca-Matagorda 0 (Nov.1956) 
20 (1956) 
Trinity-Galveston 8 (Aug. 1956) 
916 (1956) 
Sabine Lake 28 (Oct. 1956) 
2,287 (1967) 
1,484 (Sept. 1967) 629 :. 460 475 
2,547 (1971) 
1,564 (Sept. 1967) 1,726 1,200 1,200 
4,529 (1973) 
850 (June 1973) 635 425 580 
2,024 (1973) 
3,910 (Apr. 1945) 5,381 1,900 1,975 
12,276 (1 945) 
6,938 (May 1953) 10,312 1,600 1,900 
22,547 (1 946) 
a ~ a s e d  on salinity-inundation analysis. 
b ~ a s e d  on fisheries analysis. 
Source: Texas Water Development Board, Continuing Water Resource Planning and Development For Texas, Draft Report, Vol. 1 of 2, 
May 1977, page 111-78. 
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Agricultural Water Use 
Agriculture, in contrast to manufacturing and 
most other uses, consumes a large part of its water 
withdrawals. There is less return flow to the water 
source from agriculture and less water available for 
reuse. The value in use of irrigation water tends to be 
low compared with municipal and industrial uses. In 
some areas of Texas, crop agriculture is almost wholly 
dependent upon irrigation for the moisture essential 
to plant growth. Rainfall is unevenly distributed and 
falls on some lands not suitable for crop growth. 
Sometimes water is transported to the more fertile 
areas, or deficient surface water is supplemented 
with ground water. Irrigated crop agriculture in Texas 
has been and will be limited by the volume and cost 
of available water (11). 
Part of the water problem in Texas involves 
steady pressure for additional water supplies. Requis- 
ite land, labor, management, and capital are availa- 
ble. If only more water were available, additional dry 
land could be made productive. There is concern over 
the long run supply of water for agriculture as well as 
for all other water uses. Extraction of ground water in 
annual amounts far greater than recharge results in a 
steadily diminishing quantity of water remaining and 
a steadily increasing depth from which it must be 
drawn. In time, either well yield or pumping costs or 
both will prohibit continued irrigation. At this point, 
crop agriculture must shrink not only to its own 
economic detriment but.also to the detriment of those 
parts of the State's economy related directly and indi- 
rectly to agriculture (11). 
Cost of water increases as users must pump from 
deeper ground-water levels and as the energy for 
pumping increases in price. As water costs rise, it 
becomes necessary to economize on water use and to 
select those agricultural enterprises which can be pro- 
fitable with higher cost water. Projected irrigation 
water use and projected irrigated acreage decline 
gradually. 
Increases in water costs above certain levels will 
reduce agricultural use greatly but will affect all other 
uses only slightly. Agricultural irrigation is the mar- 
ginal use and by far the largest user of the limited 
available quantities of water in Texas. The impact of 
any changes in costs of available water will affect ag- 
ricultural irrigation much more than any or all other 
classes of uses taken together. 
The economic problem of water does not rest on 
the physical quantity of available water alone but on 
the physical quantities available at particular costs. It 
is not enough to know that a million acre-feet of 
water are physically available. One must know what 
quantities, totalling a million acre-feet, are available 
at what cost for each quantity (11). 
A news release from the Texas Department of 
Water Resources in January 1978 illustrates the chang- 
ing situation in the Ogallala Aquifer in Hockley 
County (47). Report 214, "Analytical Study of the 
Ogallala Aquifer in Hockley County, Texas" charts 
the impact and future course of underground water 
depletion through the next 44 years and its effect on 
irrigation water production. The study shows that if 
present water use and irrigation practices are con- 
tinued, the aquifer will decline from 3.5 million acre- 
feet of ground water in storage in 1974 to 2.0 million 
acre-feet in 2000 and 1.3 million acre-feet in the year 
2020. Pumping lifts in wells throughout Hockley 
County range from about 50 to 275 feet. The study 
indicates that the range in pumping lifts in the county 
during the study period 1974 through 2020 will re- 
main essentially the same because of decreasing satu- 
rated thickness and consequent diminished well 
yields. However, pumping lifts for specific wells will 
increase significantly. During the past three decades, 
the withdrawal of ground water has greatly exceeded 
the natural recharge of the aquifer. If this overdraft 
continues, the aquifer will be depleted to the point 
that it may not be economically feasible to produce 
water for irrigation. 
The economic supply of ground water is not 
simply all of the water contained in the aquifer. It is 
modified by the costs required in lifting it to the sur- 
face. These costs in turn are affected by the depth to 
water, the efficiency of the aquifer in giving up the 
water it holds, the "draw down" or cone of depres- 
sion resulting from pumping, the costs of energy, 
power and equipment, and the costs for well drilling, 
deepening, and casing (26). 
Table 4 summarizes ground-water use for irriga- 
tion in 1974 by basins. The massive overdrafts in use 
of ground water for irrigation can be expected to con- 
tinue under existing legislation and applicable legal 
decisions. As in Hockley County, irrigation pumping 
will continue as long as it is possible and profitable. 
More than 35 million acres of U. S. farmland 
were irrigated in 1974 with the aid of energy-using 
pumps on farms and ranches. The largest acreage 
was in Texas, with 7,090,000 acres irrigated using 
ground water, 1,451,000 acres using surface water, 
and 256,000 acres using both (43). 
Distribution Systems 
Major water distribution systems include various 
sprinkler and flooding methods to put water on 
fields. Power units enumerated were electric, diesel, 
gasoline, natural gas, and LPG. Texas irrigated 6.3 
million acres with power provided by natural gas, 1.9 
million acres with electricity, and minor amounts 
with diesel, gasoline and LPG (43). 
Pump efficiency is a measure of energy input to 
water output. A new irrigation pump has a reason- 
able potential efficiency of about 75 percent. Effi- 
ciency declines as wear occurs. Energy used for irriga- 
tion varies by efficiency of the pumping plant, the 
number of acres irrigated, quantity of water pumped 
for irrigation, water lifting height, and the amount of 
pressure required to operate the various irrigation 
distribution systems. When the lift is high and water &I 
applications are heavy, energy use increases (43). 
Several irrigation distribution systems are used 
in Texas. A big gun system is a rather large sprinkler 
covering an acre or more at a setting. It is usually 
mounted on wheels and is moved either by hand or 
automatically across a field. A center pivot system is a 
line of pipe on wheels with numerous smaller 
sprinklers along the pipe which is fixed at one end. 
The pipe automatically pivots about the fixed end and 
usually irrigates about a 130-acre circle. Other 
sprinklers are side roll, skid, and hand move. Most 
surface distribution is by pipes with holes that let 
water run onto the field or by siphoning water from 
irrigation ditches with siphon tubes (43). 
The amount of energy needed to operate the var- 
ious types of distribution systems is proportional to 
the amount of pressure each system requires. Big 
guns require 165 pounds per square inch, center 
pivot, 100 pounds and surface distribution 5 pounds. 
Important factors that are considered in selecting a 
distribution system are terrain, soil type, and type of 
crop irrigated. Surface distribution is not practical on 
either sandy soil or rolling ground. Factors consid- 
ered in selecting a particular sprinkler system include 
labor availability, field size, and type of crop, among 
others. In 1974, Texas irrigated 6,774,150 acres with ' 
surface systems, 439,880 acres by center pivot sys- 
tems, 87,980 acres by big gun systems, and 1,495,590 
with sprinkler systems (43). 
TABLE 4. WATER USE BY GROUND-WATER SOURCES, BY BASINS, 1974 
"7 
Basin 
Canadian River 
Red River 
Sulphur River 
Cypress Creek 
Sabine River 
Neches River 
Neches-Trinity Coastal 
Trinity River 
Trinity-San Jacinto Coastal 
San Jacinto River 
San Jacinto-Brazos Coastal 
Brazos River 
Brazos-Colorado Coastal 
Colorado River 
Colorado-Lavaca Coastal 
Lavaca River 
Lavaca-Guadalupe Coastal 
Guadalupe River 
San Antonio River 
San Antonio-Nueces Coastal 
Nueces River 
Nueces-Rio Grande Coastal 
Rio Grande River 
Total 
Manu- Steam- 
Municipal facturing Electric Irrigation Mining Livestock Total 
............................................................ 000's Acre-Feet ............................................................ 
18.8 30.5 6.0 1,915.5 4.8 10.3 1,985.9 
39.4 10.6 0 2,015.9 4.2 14.7 2,084.8 
8.2 1.2 0 0 0.5 1 .O 10.9 
9.1 1.7 0 1 1.2 0.7 12.7 
27.5 19.1 0 1.9 1.9 2.1 52.5 
39.5 85.9 0 9.7 2.8 2.1 140.0 
5.3 2.8 0 0 0.3 0.1 8.5 
61.9 13.5 6.7 20.9 4.3 4.4 111.7 
9.4 6.9 0 4.7 1.7 1 22.7 
216.1 217.1 13.8 120 .O 16.2 0.4 583.6 
42.1 21.8 0 16.2 2.5 0.2 82.8 
94.5 17.0 9.2 3,782.6 27.5 19.2 3,950.0 
8.1 3.5 0 61.7 4.2 0.3 77.8 
50.1 7.4 1.3 910.5 76.0 20.9 1,066.2 
2.7 4.1 0 115.9 0.2 0.1 123.0 
5.9 1 .O 0 230.8 1.1 0.6 239.4 
1.8 1 0 34.1 0.4 0.1 36.4 
28.3 6.3 5.1 4.9 0.8 4.4 49.8 
155.6 16.4 2.3 36.8 3.3 3.9 21 8.3 
7.3 0.6 0 6.3 0.5 2.3 17.0 
18.5 2.5 0.6 396.4 1.6 14.8 437.12 
15.5 2.0 0 25.7 2.5 8.9 54.6 
103.2 14.5 7.8 693.9 20.2 16.4 856.0 
968.2 486.4 52.8 1 0,404.4 1 78.7 127.9 12,221.7 
'Less than 50 acre-feet. 
21ncludes 2.7 acre-feet designated as "Other." 
Source: Texas Water Development Board, Continuing Water Resource Planning and Development For Texas, Draft Report, May 1977. 
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Agriculture is the major user of water in Texas 
(Tables 4 and 5). In 1974, irrigation used 10.404 maf of 
ground water out of a total 12.222 maf or 85 percent. 
Surface-water use was substantial for municipal and 
industrial purposes, but agriculture used 2.681 maf of 
the total 5.121 maf, or 52 percent. On a combined 
basis, agriculture used 76 percent of all the water 
used in Texas in that year (50). 
The Texas Water Development Board in the Pub- 
lication Draft, "Continuing Water Resources Plan- 
ning and Development For Texas," May 1977, com- 
pared present and projected water use by categories. 
While all other use categories were projected to in- 
crease by the year 2000, agriculture was projected to 
decrease by 5.471 maf. This projected decline is 
greater than the total for all other uses in 1974 (50). 
The major cause for the decline in irrigation will 
be ground-water depletion. The withdrawal and use 
of ground water.have increased to the extent that 
aquifers now supplying major areas of Texas will be 
seriously depleted of fresh water and will suffer 
water-quality deterioration. 
T 
Agricultural Water Conservation 
California is a major agricultural state which re- 
lies on irrigation and which has been pressured by 
drought during recent years. One result has been in- 
creased attention to conservation methods that help 
save water and energy and reduce waste. A Califor- 
nia Department of Water Resources publication 
summarizes methods for reducing agricultural water 
use (56). Each of the suggested conservation practices 
offers some potential for consideration in Texas. 
1. The irrigation method 
Sprinkler systems generally produce higher 
farm irrigation efficiencies than those for 
comparable gravity irrigation methods (bor- 
der, basin, or furrow). A farm irrigation effi- 
ciency representative of gravity irrigation 
systems in California is estimated at 58 per- 
cent and sprinkler systems at 76 percent. 
Unavoidable on-farm water losses occur with 
all irrigation methods and systems. 
2. Irrigation scheduling 
To efficiently schedule irrigation water, a 
grower must understand climate, soils, 
crops, and complex management factors that 
influence irrigation scheduling decisions. If 
he misjudges any of these factors, he may 
irrigate too often or not often enough. A 
knowledge of water-use rates for various 
crops at various growth stages and localities 
TABLE 5. WATER USE BY SURFACE WATER SOURCES, BY BASINS, 1974 
Manu- Steam- 
Basin Municipal facturing Electric Irrigation Mining Livestock Total 
Canadian River 
Red River 
Sulphur River 
Cypress Creek 
Sabine River 
Neches River 
Neches-Trinity Coastal 
Trinity River 
Trinity-San Jacinto Coastal 
San Jacinto'River 
San Jacinto-Brazos Coastal 
Brazos River 
Brazos-Colorado Coastal 
Colorado River 
Colorado-Lavaca Coastal 
Lavaca River 
Lavaca-G uadalupe Coastal 
Guadalupe River 
San Antonio River 
San Antonio-Nueces Coastal 
Nueces River 
Nueces-Rio Grande Coastal 
Rio Grande River 
Total 
............................................................ 000's Acre- Feet 
12.0 3.7 0 0.4 
42.5 4.4 7.8 37.3 
14.2 28.5 0.2 0 
3.2 153.1 10.6 0.3 
17.8 65.6 3.7 8.1 
17.9 108.8 6.3 26.3 
18.8 69.6 0 261.6 
366.1 115.7 31.4 68.1 
0 48.2 0 28 .O 
65.9 91.5 2.6 0.4 
7.2 82.7 0 155.2 
129.2 214.2 37.6 68 .O 
1 8.4 0. 152.2 
119.9 14.0 19.7 134.3 
0 4 .O 0 86.6 
0 0 0 80.3 
1.4 22.2 0 42.2 
4.2 31 .O 2.0 4.9 
0 0.3 16.9 21.3 
4.3 13.0 0 1 
1.5 0.7 3.2 68.8 
94.6 32.2 4.3 997.6 
42.0 0.8 2 .O 438.8 
962.7 1 ,I 12.6 148.3 2,680.7 
Less than 50 acre-feet. 
Source: Texas Water Development Board, Continuing Water Resource Planning and Development For Texas, Draft Report, May 1977. 
is essential for scheduling irrigation in a 
manner that will minimize water losses. 
3. Good Drainage 
The management of excess water, either sur- 
face or sub-surface, is a vital consideration 
for on-farm, district, and basinwide inter- 
ests. Land leveling or smoothing should be 
based on both efficient application of irriga- 
tion water and management of excess surface 
water. Subsurface drainage problems gener- 
ally result from soils becoming saturated by 
perched or shallow water tables. 
4. Salt management 
Salinity is one of agriculture's most complex 
production problems. If excessive salts from 
irrigation water or high water tables are per- 
mitted to accumulate in the soil, crop prod- 
uction is adverselv affected. If no remedial 
.I 
measures are taken, economic crop produc- 
tion will eventually become impossible. The 
proportion of applied irrigation water re- 
quired to maintain acceptable soil moisture 
salinity will vary with different crops,dif- 
ferent irrigation waters, and acceptable crop 
losses. 
5. Rainfall utilization 
Potential water saving from more effective 
use of rainfall on irrigated land varies widely 
with rainfall amounts, timing and intensities, 
soils, and cropping patterns. Even under op- 
timum conditions, only modest savings 
could be expected through improved use of 
rainfall. There are very limited situations 
where it is possible to increase preseason soil 
moisture storage. 
Weed and phreatophyte control 
Water losses by weeds in crops are highest in 
row crops and orchards that have not at- 
tained more than 60 percent ground cover. 
Water is also lost when water-loving weeds 
(phreatophytes) are permitted to grow in 
open ditches or in poorly drained areas. 
Water losses can be reduced by lining 
ditches, replacing open ditches with 
pipelines, and draining areas where the 
water table is high. 
7. Seepage control 
About 10 percent of the water diverted for 
agricultural use is lost to seepage from on- 
farm head ditches and from district canals 
and laterals. New irrigation districts, or those 
rehabilitating out-dated facilities, tend to 
eliminate open ditches by installing closed- 
pipeline water-conveyance systems. 
8. Evaporation and transpiration suppression 
The control of evaporation and transpiration 
has some potential for water savings. 
Evapotranspiration can be reduced by 
"stressing" the plant, limiting soil moisture. 
The feasibility of reduang water use by limit- 
ing soil moisture varies with (1) the crop, (2) 
the growth stage, (3) the farmer's ability to 
schedule and manage irrigation, and (4) the 
cost and availability of water. 
9. Crop factors 
Seasonal water requirements could be re- 
duced if crops were planted with water sav- 
ings as a prime consideration. For example, 
water can be saved by planting short-season 
crops, low water-using crops, and deep- 
rooted crops. While potential water savings 
can be significant, farmers generally select 
crops on the basis of market demand which 
is not always compatible with water-saving 
objectives. 
10. System automation 
Automatic water-control mechanisms which 
regulate water levels in major canals are in 
use in some areas. Such automatic systems 
can produce water savings through more ac- 
curate diversions and allocations of water. 
On-farm automatic systems include mecha- 
nisms that start and stop power units, and 
thus water flow, at predetermined times. 
Such controls help conserve water by pre- 
venting excessive water application. By con- 
trast, manual systems might not be turned 
off at night or at other inconvenient hours. 
11. Land use 
Water conservation is also related to the effi- 
dent use of croplands. Selecting crops on the 
basis of soil and slope conditions increases 
the potential for high irrigation efficiency 
and high crop yields. Planting the wrong 
crops on marginal land often results in 
wasted water. 
12. Institutional 
All agencies with responsibility for water 
management should work together in de- 
veloping coordinated systems and operating 
procedures that will (1) permit conjunctive 
use of surface and ground water; (2) improve 
the process of delivery of water and the cap- 
ture and allocation of return flows; (3) reduce 
overall energy use; and (4) enable expansion 
of beneficial uses of the developed water 
supply, including improved instream uses. 
In view of the seriousness of the water problem 
for irrigated agriculture in Texas, research is being 
conducted to improve efficiency of agricultural water 
use. In addition to the opportunities listed above for 
conserving water, research in the areas of (1) row 
damming to collect rainwater and irrigation water, (2) 
mobile trickle irrigation systems with very low pres- 
sure requirements, (3) night sprinkling cotton with 
saline water, and (4) drought resistant varieties that 
indicate dramatic improvements in agricultural water 
use efficiency. The results of this work may be to 
extend the economic life of the ground-water 
supplies thus maintaining for a longer period of time 
the regional economies dependent on irrigated ag- 
riculture. 
However, it is important to emphasize that 
ground-water withdrawal greatly exceeds natural re- 
charge in Texas. Thus, the overall conclusion remains 
the same. Texas is approaching that time when very 
significant reductions in ground-water withdrawal 
will be forced due to either exhaustion or pumping 
costs, or both. 
Costs for providing metropolitan water services are escalating 
rapidly. 
Metropolitan Water Use 
Estimates of the population of Texas counties 
and metropolitan areas for July 1, 1976, indicated a 
continued rapid growth. Metropolitan areas had 
9,820,100 persons a n d  nonmetropolitan areas 
2,666,800 on this date, according to the Bureau of the 0 
Census. These figures show that 78.6 percent of the 
Texas population lived in metropolitan areas on that 
date. The increase from 1970 to 1976 in metropolitan 
areas was 1,136,600 persons or 13.1 percent and in 
nonmetropolitan areas 151,700 persons or 6.0 per- 
cent. These trends are expected to continue (42). 
The costs of providing metropolitan water serv- 
ices are escalating rapidly. Urbanization creates dras- 
tic environmental changes. Natural surfaces are dot- 
ted with buildings and water-absorbing land is sealed 
with paving that accelerates and augments runoff. 
Some water flows are diverted, withdrawn, used, 
a n d  discharged back to their watercourses as 
effluents. At the same time, people concentrated in 
high-density complexes desire the amenities of open 
space and water-related recreation (53). 
Some water managers anticipate a continuing in- 
crease in daily per capita use of water by urban dwel- 
lers. Robert Van Dyke, General Manager of the San 
Antonio City Water Board, made this forecast at the 
1974 Water For Texas Conference: 
"Coupled with the increased urban population is an ever- 
increasing daily per capita use of water by our city dwellers. 
A quarter of a century ago, metropolitan water systems 
were designed on the basis of 100 gallons per capita per 
day. This figure has increased to approximately 150 gallons 
per capita per day today, and it is anticipated that it will rise 
to over 200 gallons per capita per day by the turn of the 
century." (57) 
San Antonio depends upon ground water from 
the Edwards Aquifer for its present water supply. It 
has Federal protection against contamination of the 
Edwards Aquifer under the Safe Drinking Water Act, 
Public Law 93-523. Van Dyke states that San Antonio 
will ultimately supplement its present ground-water 
supply with surface waters from the San Antonio and 
Guadalupe River Basins. He approves of the top posi- 
tion accorded municipal use in the statutory schedule 
of priorities. The Legislature has provided that all ap- 
propriative rights acquired after 1931 are subject to 
future municipal needs and may be taken without 
compensation. He anticipates that changes in present 
ground-water legislation will occur and that munici- 
pal interests will require protection (57). 
Houston and Dallas/Fort Worth have planned 
for future water needs. They have resources capable 
of meeting requirements from increased population 
for from 20 to 30 years. Plans for the future tend to 
assume increased per capita consumption of water 
based on available supplies and low prices. A consid- 
erable gap exists between present water prices and 
the point where price will call for water management 
and conservation. It is likely that increased energy 
costs for transporting water will require efficiency in 
reservoir operations in all pumping operations (18). 
The National Water Commission takes a broader 
view of the most pressing metropolitan water man- 
agement problems. The primary objectives are (1) to 
provide the three basic water services - water sup- 
\ ply, wastewater collection and treatment, and storm 
water management - efficiently and effectively, (2) 
to make efficient use of scarce water resources, and 
(3) to lessen the disruptive and degrading effect of 
urban growth and development on the urban 
environment and water quality (53). 
Providing Water Services 
A considerable investment has been made and is 
being made for developing water services. Some 
monetary costs result from capital investments that 
government or business must make in order to 
provide for their water needs, especially reservoirs, 
aqueducts, and pipes. In a large, sprawling city, a 
high proportion of investment is in distribution and 
collection of water within the city. Costs are substan- 
tial for the pipes which collect sewage. Other costly 
items in a complete water system are sewage treat- 
ment plants, storm drains, and flood control dams. 
The most easily exploited water sources have already 
been developed. Sources requiring more complicated 
and costly development must be utilized in the fu- 
ture. Increased water consumption from any source 
requires comparable increased investment for sewage 
treatment (33). 
When water system facilities are built with 
4enough foresight, many social benefits accrue to bal- 
ance the costs of the facility. Reservoirs developed 
with recreation in mind provide entertainment and 
income for an entire region. Similarly, environmental 
costs result. Changes occur throughout the whole 
ecosystem when a river is restrained by dams or 
drained by gigantic withdrawals (33). 
Texas laws creating and protecting rights to the 
use of water fail to give adequate recognition to social 
or noneconomic values in water. The protection of 
noneconomic values lies in the hands of private citi- 
zens. The National Water Commission believes that 
State laws should be improved to pIovide greater 
protection of social or noneconomic values in water. 
Specifically, legal water rights should be created in 
the public for such uses as esthetics, recreation, and 
fish and wildlife propagation (53). 
Municipal Water Conservation 
Financial benefits must be associated with con- 
servation if people are to be persuaded to conserve 
water. When water-saving toilets become less expen- 
sive than present ones, people may be more willing to 
accept a change in their water-consumption habits. 
The cost of water can be increased to inhibit con- 
sumption, and property taxes can be reduced when 
water-saving devices are used. Penalties can be levied 
on those using more than an acceptable amount of 
water to increase the motivation for change (33). 
In every society some individuals reject an inno- 
vation simply because it is new. An innovation may 
be more easily adopted if it closely resembles some- 
thing already accepted in the culture. Water-saving 
devices must be attractively designed and not differ 
too radically from equipment already familiar to our 
society. If water-saving devices are tried in a store or 
display area, the possibilities for their acceptance are 
improved. A drought or threat of a drought also 
causes a larger number of people to try new mecha- 
nisms (33). 
The power of the advertising industry in making 
and shaping public attitudes is well known. Increas- 
ing amounts of money are being spent on serious 
campaigning to increase water conservation. The 
major plumbing manufacturers are beginning to ad- 
vertise their recently developed lines of water- 
conserving fixtures in national trade journals. There 
is a market for these items in areas experiencing water 
shortages and wherever building owners and mana- 
gers have become sensitive to the increased costs of 
water and the energy needed to heat and pump it. 
Developers have learned that prospective customers 
are impressed with such things as low-flow-rate 
shower heads, water conserving toilets, hot water 
pipe insulation, and landscaping designed to reduce 
the need for irrigation (33). 
Water supply systems in many locations are urg- 
ing their customers to use less water. Reasons include 
failure of bond issues to finance further expansion, 
pressure from public utility commissions, mismatch 
between water supply and sewage treatment system 
capacities, apprehension about the possibility of 
water rationing, and customer resistance to increased 
utility rates. Over-taxed sewage treatment agencies 
also have begun programs on behalf of water conser- 
vation. Most areas in Texas can expect to be affected 
by water shortages, overloaded sewage systems, in- 
creasing energy costs, and higher utility rates. The 
essential ingredient for the adoption of conservation 
is education which is meaningful to all segments of 
our society (33). 
Houston city officials estimated in January 1978 
that 10 to 20 percent of the city's water production is 
lost because of main leaks and inoperative meters. 
About 60 percent of these water main breaks are 
caused by electrolysis, a year-round problem. The 
water division of the city receives no tax dollars and is 
limited in what it can do by the amount of revenues 
from the sale of water. The mayor of Houston ranks 
main breaks and leaks among the city's top 10 prob- 
lems because they cause inconvenience, property 
damage, and losses of millions of gallons of water 
annually (58). 
Reuse of Waste Water 
Two principal forces are at work which are bring- 
ing about an increase in the reuse of water - (1) the 
increasing costs associated with water and (2) 
environmental restrictions imposed by water quality 
control authorities (61). 
The cost of raw water in reservoirs that are being 
planned now will be from five to ten times greater 
than the cost of water in reservoirs completed as re- 
cently as two years ago. Reservoirs are being located 
farther from the point of use. These factors, plus the 
general level of inflation in the economy, point to 
more and more increases in the cost of water. The 
higher the cost of water, the greater the incentive to 
make multiple uses of water (61). 
The other force at work in water reuse is the State 
and Federal system of environmental controls. As the 
Federal Environmental Protection Agency and the 
State Water Quality Board achieve required standards 
in waste discharge, the waste water becomes suitable 
for reuse. In many situations involving industrial use, 
closed systems, and recycling are or will be manda- 
tory under EPA standards (61). 
A city saves water when it recycles a part of its 
sewage effluent through its water supply reservoirs. 
Sewage return flows are stable, and their introduc- 
tion into a reservoir increases its firm yield by approx- 
imately the amount of return flow. A more common 
way to reuse treated sewage effluent is for industrial 
or irrigation purposes. As levels of treatment increase 
and costs rise, the need to sell treated effluent to 
offset treatment costs increases. The city may deliver 
water for these purposes from the outlet of its sewage 
treatment plant. In some cases, it may use the bed 
and banks of a stream to deliver treated water to a 
purcl~aser downstream (61). 
The case for reuse should not be overstated. The 
extent to which a city may recycle through a water 
supply reservoir is severely restricted. Careful con- 
sideration must be given to the effect on the reservoir 
during drought periods when dilution from natural 
streamflows is significantly lowered (61). 
The law on the subject of reuse is based on irriga- 
tion return flows. The cases indicate that an approp- 
riator has the right to recapture his return flows and 
reuse them as long as the reuse is at the original place 
of use and for the purpose for which the water was 
originally appropriated. This is true even though 
downstream appropriators have developed uses rely- 
ing on the return flows and have used them for sub- 
stantial periods of time. The first appropriator may 
make his practices more efficient and reduce waste by 
recapturing his own drainage and seep water (61). 
Municipal recycling of treated sewage effluent 
through a water supply reservoir requires careful 
planning. The terms of the city's permit may require 
Water Commission approval for a change in the point 
of discharge. Also, when the city discharges its 
effluent into a reservoir, it loses ownership and con- 
trol of the water unless special permission has been 
obtained from the Commission. When return flows 
are discharged, they lose their identity as appro- 
priated water and become subject to the rules govern- 
ing streamflow. If the city making the discharge owns 
the reservoir, and the reservoir permit is the senior 
appropriative right, the city would be entitled to re- 
capture its discharge under that right. But if more 
senior appropriators can utilize the increased flow, 
they would have the first right to capture the dis- 
charge (61). 0 
A city that desires to sell its treated effluent for 
industrial or irrigation use rather than recycle it 
through a reservoir may have other problems. An 
amendment to its permit may be required since such 
a use may involve both a change in the purpose of use 
and a change in the place of use. If the aty desires to 
sell the effluent to a purchaser downstream, it must 
obtain a permit from the Commission to use the bed 
and banks of the stream for this purpose (61). 
The legal position of cities using ground water as 
a source of supply is somewhat different from cities 
with permits or certified filings. Ground water is pri- 
vate property under Texas law and is not regulated by 
the State to any significant degree. A city using 
ground water would seem to have greater freedom to 
reuse its sewage effluent and to change the place and 
purpose of use so long as it does not discharge the 
effluent into a stream. Unless the Commission has 
authorized the use of the stream for conveyance pur- 
poses, sewage effluent becomes a part of the stream 
whether or not the water originally came from surface 
or underground sources (61). 
A city that desires to reuse or sell its treated 
effluent should analyze its legal position carefully and 
obtain the necessary permits as early as possible. The 
Commission will take into consideration the interests 
of downstream rights which have been developed ir 
reliance on previous discharges. For that reason, it is 
better to obtain the necessary permits before the 
downstream use develops (61). 
Water has been widely reused by industries as 
well as municipalities. Cooling towers with multiple 
recycling are common. Thermal pollution restrictions 
and chemical contamination problems have acceler- 
ated efforts by industry to improve the quality of 
water applied to cooling towers. Coagulation, 
sedimentation, and softening have been practiced 
prior to application to cooling towers. This permits 
recycling water more times, evaporating more, and 
returning less to the stream (18). 
In some cases, industrial water has been so cheap 
that opportunities have been overlooked for reuse in 
plant processes. Water of extremely high quality has 
been discharged to the sewer after very slight con- 
tamination by highly sophisticated manufacturing 
processes. Substantial savings in water costs have 
been demonstrated in manufacturing facilities such as 
food processing and refineries when attention was 
paid to water reuse or conservation (18). 
Recycling or reclaiming waste water has great po- 
tential for increasing the amount of water available 
for use. Waste water which is treated in the tertiary, 
or three-stage process, emerges crystal clear, color- 
less, odorless, and free of micro-organisms, and it is 
pure enough to drink. This scientific cleansing pro- 
cess accomplishes in a short time what nature 
achieves in a longer period. Because attitudes to- 
ward human wastes arouse feelings of repugnance 
in a large part of the general public, acceptance of 
artificially treated water has sometimes been poor. 
Feelings of aversion to reclaimed water are especially 
prevalent when it is used for purposes which involve 
contact with the body. A greater acceptance has been 
found when such water is used for residential lawns 
and irrigation of golf courses (33). 
The net effect of the Texas statutes and court de- 
cisions appears to be that an appropriator has a right 
to recycle and reuse water as he pleases so long as he 
does not change the place of use or the purpose for 
which the water was appropriated. Thus, most indus- 
trial recycling presents no particular water right prob- 
lems and can be effected without Commission ap- 
proval. The same would be true of direct recycling of 
municipal wastes (61). 
Water Pricing 
In the past, water has been generally so abun- 
dant, relative to the demand for it, that it has been 
provided at little or no cost to users. This situation is 
now changing. Water has become a resource that is 
relatively scarce. The land, labor, capital, and energy 
resources needed to convey water to places of useful 
application and to collect and treat wastewater also 
are scarce (35). 
When a resource is scarce, society finds it neces- 
sary to apportion use in such a way as to obtain 
maximum beneficial returns. The limited supply of 
usable water should be allocated among the uses 
where it will be most productive. In this country, 
prices are usually found to provide the most effective 
allocation system. A price is charged for water and 
water-related services, which causes the scarce water 
resource to be shifted to its most productive uses. 
Each user continues to use more and more water until 
the value to him of the last unit equals the price 
he is charged for water. He will not use additional 
supplies because the cost will exceed the value he 
receives (35). 
Pricing also functions to induce production of the 
desired level of supply. Given the limits on national, 
state, and local resources, output of one commodity 
can increase only if resources are diverted to it from 
production of something else. Consumer benefits 
from one action must be compared with alternative 
products and services that must be foregone. Prices 
inform producers of consumers' relative desires for a 
commodity and indicate the extent of desired produc- 
tion (35). 
Water is a mobile resource, typically used and 
reused until it is evaporated or returns to the sea. The 
same unit of water may be used for a number of uses 
within the stream, such as recreation, fish produc- 
tion, waste dilution, and navigation. The water may 
be diverted from the stream to be used for industrial, 
urban, or agricultural uses. These supplies may re- 
turn to the stream diminished in quantity and de- 
graded in quality. They are often changed in time of 
flow and in location from the original diversion. 
These substantial interdependencies should be rec- 
ognized in the management of water supply. A use 
that reduces quality, delays flows, or diverts water to 
a different location makes it potentially less useful to 
others and should be charged accordingly (35). 
A competitive market alone does not result in 
optimum utilization of water. The economic effects 
extend beyond the buyers and sellers involved. How- 
ever, the use of improved pricing systems within es- 
tablished legal and administrative frameworks could 
enhance the efficiency of water use. The reform of 
present legal systems to provide for exchange of 
water rights under specified conditions would also be 
useful. 
Present water pricing is far from the ideal desired 
for an effective pricing system. Pricing by public 
agencies is typically based on revenue considerations. 
The primary aims are fiscal soundness and harmoni- 
ous customer relations. Pricing to provide efficient 
checks and balances on water allocation and use are 
not given high priority. Pricing is sometimes below 
the cost of amortizing and operating the water sys- 
tem. Funds are then sought elsewhere to cover the 
deficiency (35). 
Major cities have the necessary economic and 
political power to develop water supplies in advance 
of need. Sometimes these temporary surpluses are 
sold to suburban towns which are part of the cities' 
metropolitan area. In December 1977, the City of Dal- 
las was accused by a State legislator of charging "un- 
reasonable" water rates to 18 suburban towns. The 
Texas Water Commission has final rate-making au- 
thority and can use any reasonable basis for fixing 
rates (8). 
Dallas wishes to sell water on a utility basis, ob- 
taining a "fair rate of return on investment," not only 
the investment as it currently stands, but the invest- 
ment required to furnish peak-load water to the sub- 
urbs by the year 2000. The suburban cities contend 
that Dallas should sell water to them on a debt re- 
tirement basis under which the customer cities would 
be credited for helping pay for the Dallas water im- 
poundment, treatment, and delivery system (8). 
Since water is becoming scarcer and more costly 
to develop in Texas, prices paid for water will con- 
tinue to rise. One objective of water management is to 
increase the efficiency of existing equipment and 
facilities so that costly new investments can be de- 
ferred. While increases in the price of water alone 
may not significantly reduce water consumption, 
changing to a higher rate structure may complement 
other measures taken to conserve water (33). 
Industrial Water 
Projections of water requirements for manufac- 
turing were developed by the Texas Water Develop- 
ment Board, identifying the 1974 water use of an in- 
dustry and then relating these 1974 base-year de- 
mands to four major factors affecting future water 
use. The factors are changes in employment, labor 
productivity, recirculation, and technology. Rapid 
changes in recirculation rates and in the efficiency of 
water use in manufacturing have demonstrated that 
the effects of increased output on water demands 
may be wholly or partially offset by changes in the 
recirculation rates and technology (50). 
A single mathematical equation was used to de- 
scribe the relationship between base-year water use 
and those factors influencing future demands. Man- 
ufacturing water demands were derived and projected 
by decades through 2030. The procedure was to de- 
velop estimates of base-year water use by county and 
by industry sector and then, using current and de- 
tailed data, to compute projections for each of the four 
factors influencing future water demands. Projections 
of changes in recirculation and technology incorpo- 
rated the impact of recent water pollution control legis- 
lation. These projections assumed increasingly restric- 
tive effluent standards and probable increases in the 
price of fresh-water withdrawals (50). 
Water For Mining 
Mining was categorized into fuels, metals, and 
nonmetals by the Board for purposes of analyzing the 
future water needs of this important sector of the 
Texas economy. The crude petroleum and natural gas 
producing industries utilized 163,572 acre-feet of fresh 
water in 1972. Mining of metals used 3,683 acre-feet. 
Nonmetals included sulfur and salt mining, clay, sand 
and gravel, and crushed stone and used relatively 
small quantities of water (50). 
Availability of water is a factor to be considered in 
all mineral fuel resources development. Compara- 
tively large amounts of water are needed for mining 
lignite, coal, and uranium. Constant spraying of haul 
roads for dust control requires a reliable source of 
water. If strip mining is practiced, water is required for 
reclamation of the land. Processing of the different 
ores requires varying amounts of water, some of 
which can be recycled, but the net effect is a loss of 
water. 
The future growth of the mining industry in Texas 
will be determined by its competitive economic advan- 
tage relative to other mineral-supplying areas in the 
world and by its ability to locate economically exploit- 
able ore-bodies within the State. Water as an input to 
the mining and smelting industry, though essential in 
relatively small quantities per unit of output in both 
weight and value terms, rapidly exhausts its produc- 
tivity as larger quantities are used per unit of out- 
put or income. The industry can compete readily for 
small quantities of water, and water availability usu- 
ally has not limited the mining sector of the Texas 
economy (50). 
Water For Electric Power 
Water requirements for existing steam-electric 
power plants (Tables 4 and 5) were based on actual 
plant operating data. Likewise, water consumption 
requirements for announced power plants and for 
power plants currently under construction were based 
on actual plant design data. For all future additions in 
installed capacity it was assumed that half the 
additions would be nuclear, with the remainder being 
a mixture of coal and lignite fired power plants. The 
mixture of coal and lignite fired power plants was 
altered by basin to reflect lignite resource availability. 
Projections are based on the assumption that the 
plants will operate at an average load factor of 60 
percent (50). 
Recreation 
The rapid increase in the use of the State's water 
resources for water-oriented recreation is a reflection 
of growth in population, income, and leisure time. 
Based on projected increases in these variables, the 
demand for water-oriented recreation in the State is 
projected to increase by the Board. Reports show that 
41.7 million visitors participated in recreational ac- 
tivities at Corps of Engineers water projects in Texas 
during 1976 as compared with 28.9 million in 1973, an 
increase of approximately 44 percent. The Board as- 
sumed that recreation is a nonconsumptive use of 
water and that water resources projects developed for 
other purposes also will supply the water needed for 
recreation (50). 
Rural Water Supplies 
As the population of Texas has grown, the State 
has become more industrialized, with large cities hav- 
ing high population densities. A specialized industry 
has developed which captures and stores raw water in 
-rural areas and transports this water to urban areas for 
treatment and use. A significant population still re- 
sides in rural areas and is increasing after decades of 
decline. These areas vary in population density from 
small communities to individual residences. Rural 
area residents require a dependable supply of safe, 
clean drinking and household water. The Federal Safe 
Drinking Water Act of 1974 (PL 93-523) specifies 
standards for public water supplies that many rural 
and small community systems have not met in the 
past (50). 
A combination of individual household systems 
and privately owned corporations supply water to 
small communities and rural residences. As of June 
1976, rural water supply corporations served an esti- 
mated 600,000 to 700,000 persons, or about 5 percent of 
Texas population. The rural water systems have dif- 
ficult problems of economics, quantity, quality, and 
increased regulations in supplying water to their cus- 
tomers. The relatively small size and low density of 
service area population result in high costs per cus- 
tomer. Rising prices of inputs have increased costs of 
operating distribution systems and treatment plants in 
recent years (50). 
The Federal Safe Drinking Water Act was im- 
plemented in Texas in June 1977. This act establishes 
new quality standards for drinking water and rede- 
fines public water systems. It is estimated that 10,000 
existing "private" systems in Texas will be reclassified 
as "public" water systems and be subject to the water 
quality standards specified in the Federal Interim Pri- 
mary Standards. By the new definition, the act can be 
construed to include restaurants, service stations, 
hunting camps, camp grounds, and farms and 
ranches. Rural water systems have difficulty meeting 
established quality and operational requirements, be- 
cause these systems serve relatively small numbers of 
users and do not have the cost advantages of larger 
systems (50). 
More efficient use of existing water resources is imperative to avoid the recurrence of dust storms such as the ones In the 1930's. 
Drought Effects 
Texas is wcdged between the warm waters of the 
Gulf of Mexico to the south and east and the high 
plateaus and mountain ranges to the north and west. 
Its dimate is characterized by extremes in rainfall and 
temperature and by catastrophic weather events. A 
continental type climate, marked by rapid changes in 
temperature, is prevalent here. The interaction be- 
tween warm, moisture-laden air from the Gulf of 
Mexico and drier, relatively cooler, continental surges 
of air from the north and west is responsible for most 
of the climatic patterns and the water supplies of the 
various parts of the State (50). 
The uneven distribution of rainfall over Texas 
both seasonally and annually, combined with seasonal 
occurrences of hailstorms, tropical storms, hurricanes, 
tornadoes, and floods make Texas weather an extreme 
variable. The erratic and unpredictable nature of ex- 
tensive droughts, as well as highly variable rates of 
precipitation and evaporation, add to problems of 
water management (50). 
Mean annual precipitation ranges from less than 8 
inches in extreme West Texas to more than 56 inches in 
extreme East Texas (Figure 4). Generally, rainfall in- 
creases from west to east across Texas, with the aver- 
age increase being about 1 inch every 15 miles. By 
contrast, annual rainfall totals are observed to vary 
little from north to south across the State (50). 
Higher temperatures in summer, caused by a 
greater amount of solar radiation reaching the earth's 
-,urface and coupled with low humidities, lead to a 
greater degree of evaporation of surface water. This is 
an important consideration in reservoir design. When 
temperatures are high and humidities are low, water 
consumption by people, plants, and industry are 
higher than at other times of the year (50). 
The amount of lake surface evaporation is influ- 
enced by air and water temperature and wind move- 
ment over the surface of the water. Mean annual net 
evaporation rates are zero inchesin East Texas near the 
Sabine River, where abundant rainfall offsets lake sur- 
face evaporation. They are almost 100 inches annually 
in the Trans-Pecos, where rainfall is low and evapora- 
tion rates are extremely high. During wet years, 
when rainfall is abundant, net lake surface evapora- 
tion rates are low. During years of drought, evapora- 
tion from lakes and transpiration of growing vegeta- 
tion are high and the water supplies are increasingly 
depleted (50). 
Like the rainfall distribution in Texas, lake surface 
evaporation rates remain fairly uniform from north to 
south across the State. While evaporation is largely 
offset in eastern Texas by abundant rainfall, western 
Texas usually suffers high evaporative losses with low 
rainfall. Lake surface evaporation is a continuous pro- 
cess, even in the more humid areas of East Texas. 
Maximum evaporation occurs statewide in the sum- 
mer months (50). 
iigure 4. Mean annual precipitation, in inches. 
Source: U .  S .  Department of Commerce 
Climatography of the United States No. 81 (Texas). 
Water needs are augmented by irrigation to sus- 
tain plant life in areas where there is insufficient rain- 
fall and where evaporation rates are high. Evaporation 
parameters are a part of the data for calculating water 
supplies from existing and potential reservoirs (50). 
Drought interrupts the flow of water supplies and 
increases the consumption requirements from water 
in storage. Man can cope partially with drought by 
installing additional wells for immediate use or by 
constructing surface water storage facilities and stor- 
ing surface water supplies for emergency use. Longer 
droughts tend to require water conservation measures 
by all users (50). 
When a drought occurs, the effect on the State's 
water resources continues to escalate. Streamflow de- 
creases; ground water levels drop; reservoir storage is 
depleted; and water quality is degraded. One means of 
determining the seriousness of the situation is by 
comparing current streamflow with the historical rec- 
ord. Ground-water levels can be another indicator of 
drought. Many shallow wells provide adequate water 
supplies for domestic use in normal years, but water 
table levels drop quickly with continued drought. 
Then wells go dry, or yields are no longer adequate 
even for a home water supply (6). 
Water shortages result in degradation of stream 
quality. One of the most critical problems is a lack of 
sufficient water in the stream to flush and dilute con- 
taminants in the channel. Wastes from upstream dis- 
charges can build to the extent that reduced flows 
available downstream become unusable. Dissolved- 
solids concentrations are used to indicate the quality of 
water resources. As concentrations increase with 
drought, water acquires an unpleasant taste and 
becomes unsuitable for sensitive industrial proces- 
ses (6). 
Oxygen deficiency is also a characteristic of pro- 
longed low flows. Less flow means less water to as- 
similate oxygen-demanding wastes. Insufficiency of 
oxygen can be lethal to fish and other aquatic life, 
cause odor problems, and decrease a stream's natural 
ability to purify itself. Generally, the shallow water 
created bv low streamflow becomes warmer than 
J 
usual and stream temperatures downstream from de- 
pleted reservoirs are higher during a drought because 
less cool water is released from storage. Increased 
water temperatures can seriously damage aquatic life. 
Evaporation increases, which further decreases the 
limiied supply of surface water (6). 
In coastal zones, fresh water in streams and aqui- 
fers flows into and holds back seawater. ~ecreased 
streamflow and additional withdrawals of ground 
water in these areas increase the inland movement 
of salt water. This further threatens aauatic life 
I 
which depends upon minimum fresh-water 
environments (6). 
Impact of drought on agriculture tends to become 
noticeable in the spring. Farmers are forced to delay 
plowing and seeding because of dry conditions, or 
seeded crops are damaged by lack of moisture. Com- 
monly there is loss of rich soil in the spring due to the 
combined forces of wind and drought. As drought 
continues, range lands are also affected, and ranchers 
are forced to liquidate herds or to purchase feed tc 1 
maintain their stock. Many farmers are forced to haul 
water, and water supplies become increasingly scarce 
after periods of protracted drought (6). 
Fish and wildlife resources are severely affected 
by drought. In many places, water in streams and 
estuaries is insufficient for spawning by various 
species of fish. In other areas, streams, ponds, and 
even reservoirs may dry up, killing the entire fish 
population. In many wetland areas, normal forage 
may not be available for maintaining wildlife and mi-< 
grating waterfowl (6). 
Fire hazards, both urban and rural, greatly in- 
crease during dry periods. In urban areas, firefighting 
can significantly reduce water supplies. Forests may 
be closed during drought in the interest of fire preven- 
tion. This can seriously affect employment in the log- 
ging industry. Grassland fires can also be very de- 
structive (20). 
Health is another important consideration when 
dealing with drought. Low water supplies can easily 
become contaminated and must be closely monitored. 
Farm families often have to boil water when wells 
become low and somewhat stagnant. City water 
systems must be carefully checked at these times, 
particularly when water pressure is low or is tem- 
porarily lost (20). 
Local initiative is the key to drought management. 
The weight of responsibility on local officials and indi- 0 
viduals is great. Federal agencies have likewise taken 
steps to assist states and counties. Water from Federal 
reservoirs has been released on schedules which 
contribute to the best management of fish and wild- 
life (20). 
Programs to conserve water are not simple. Once 
the facts about supplies are clearly established and the 
feasibility of possible transfers is known, the success of 
such a program depends on how well the full partici- 
pation of the public is motivated and achieved. A 
conservation program that is not well planned can 
backfire on those responsible. At its best, a water con- 
servation program can access a vast reservoir of in- 
genuity. Water users must feel that they are fairly 
treated, that everyone is asked to save, and that sac- 
rifices are felt proportionately (20). 
When considering the impact of possible conser- 
vation measures, it is significant that a high percentage 
of water use is for irrigation. While potential savings 
from conservation programs directed at irrigated ag- 
riculture are great, they may not achieve quick results. 
Many of the techniques for saving water require that 
farmers and irrigation districts invest heavily in im- 
proving and altering their systems (20). 
The operation of canals and laterals usually re- 
sults in some waste because flows do not always equa! 
demand. And, leakage in older systems is significant, 
amounting to one-fourth or more of diversions. Only 
the most urgent steps could be taken to modernize old 
systems in time to achieve savings during a current 
,*drought. Others require investments which would 
'lave effect over a period of 10 to 15 years (20). 
Residential water conservation may enable com- 
munities to carry on most normal activities while 
avoiding the great cost of hauling water, building 
pipelines, or taking other major steps. In Texas, per 
capita consumption of water is estimated at about 160 
gallons a day. An effective conservation program 
should be able to halve this consumption without 
undue hardship by reducing water used in activities 
such as lawn sprinkling, car washing, and indoor con- 
sump tion (20). 
In addition to voluntary conservation measures 
' 
and rationing, efforts are usually made to tap new 
water supplies and to redevelop old ones. Thousands 
of new wells are drilled, and old wells are deepened to 
provide relief to domestic, municipal, industrial, and 
agricultural users. But relief from drought comes only 
from rainfall. Water managers concerned with reser- 
voir storage or well-field operations may require a year 
or longer to recover supplies after a period of normal 
precipitation begins (6). 
Minimizing the effects of future droughts requires 
a better understanding of existing water supplies, an- 
ticipated water needs, and current water use. More 
efficient use must be made of existing water resources. 
Like energy, some supplies are being utilized that will 
not be replaced. Unlike energy, other supplies of 
water can be predictable in quantity, quality, and loca- 
tion. Skillful planning will be required to evaluate 
tradeoffs among competitive users. 
An important impediment to building better 
water supply systems is the scarcity of information 
available on the economics and sociology of drought. 
Responses to drought require careful observation and 
analysis. This would lead to better knowledge of eco- 
nomic and social impacts, how they are shifted 
throughout the society, and on whom they ultimately 
fall. Solutions imposed during water shortages should 
be as near optimal approaches for the community as 
knowledge and experience permits (20). 
The concept of water conservation has become 
more acceptable in 1976 and 1977 in those states ex- 
periencing protracted drought. Water managers have 
learned how various sectors respond to water conser- 
vation, how large reductions can be, how to enforce 
compliance, and how to establish goals. California 
data compared quantities of water used in 1976 and 
1977 by 35 major municipal and industrial water dis- 
tricts throughout the State. The average rate of reduc- 
tion was about 20 percent, with one district reducing 
53 percent and another 46 percent. These larger figures 
represent savings by communities in dire straits and 
involved an appreciable change in life style. The 
20-percent figure apparently represents savings that 
might be attained by volunteer water conservation 
efforts (40). 
Industries in California also found it possible to 
cut back on water use. A survey was conducted of 
6,000 specialized industries to determine their reaction 
to water shortages. Preliminary results indicate that 
few industries would shut down or relocate due to 
reduced water supplies. Most would use alternative 
methods of production, and some would reduce 
production. A reduction of 25 percent in water 
seemed to have little effect (40). 
Farmers can conserve water, but not so readily as 
municipal and industrial users. Essentially the same 
agricultural acreage was irrigated in California in 1977 
as in 1976 with 15 percent less water. When adequate 
water is not available, farmers tend to put off salt 
leaching, use better water control, maintain perennial 
crops, and switch to crops using less water. Longer- 
range programs include drip and sprinkler irrigation 
equipment and increased promotion of irrigation 
management services (40). 
Research and development programs are undelway to help meet future water needs. 
Water Conservation and Augmentation 
The United States has been extravagant and even 
wasteful in its use of water. As population continues 
to grow, the magnitude and duration of water 
shortages will be experienced more frequently and 
over larger areas. Some of the shortages will be has- 
tened by drought (13). 0 
Water is a finite resource, and the abilities of 
governments to deliver it are also finite. But the ex- 
periences in many places during recent droughts 
prove that people can live abundant lives with con- 
siderably less water than they have been using. Wise 
water use dictates the need to know quantitatively 
the availability of water and how it is used. Total 
withdrawals of water have increased 12 percent na- 
tionally since 1970 and have more than doubled since 
1950. Further increased demands are anticipated for 
energy, industrial, residential, and commercial uses. 
These demands will be met from an already over- 
committed water supply by transfer from one type 
of use to another, by more efficient use, and by re- 
use (13). 
Our past has included two conservation ethics. 
One is conservation of nature and life in natural set- 
tings. The other is conservation of resources that can 
be used in economic processes. In the history of our 
country, both of these views have played important 
roles with either one or the other being dominant 
depending on conditions. Even the early concepts 
recognize a need to husband resources by reducing 
waste, cutting destructive uses of perishable re- 
sources, and engaging in the long-term planning of 
resource availability and usage. The emphasis is not 
on esthetic beauty but on frugality and efficiency oj 
production and use (22). 
A goal to conserve must be accepted and accom- 
plished by the people themselves. At present we are 
in a traditional phase in which societies' reaction to 
-perceived shortage is to attempt increasing supply 
while reducing short term demand. Permanent re- 
duction of demand through various conservation 
measures may well be the primary path of the future. 
The transition from an ethic of growth to one of con- 
servation can have significant repercussions 
throughout the economy (22). 
Conservation programs are normally constructed 
as a set of loosely linked initiatives within industrial 
and consumption processes. The changes are usually 
private actions outside the control of the public sec- 
tor. Whenever conservation has been suggested as a 
policy, the public sector's proposed contribution is 
usually general research, demonstration programs, 
educational efforts, and financial risk sharing. It usu- 
ally has not included regulatory or enforcement ac- 
tions within an overall program. Since the public role 
is one of convincing rather than regulating, it must 
be sensitive to the appropriate strategies. Developed 
societies tend to have highly mechanized water using 
industries and include considerable equipment for 
personal consumption. These may require well de- 
veloped, capital intensive networks for transportation 
and product distribution. There may be numerous 
opportunities for intervention to save the re- 
source (22). 
The specific structure develops over a long 
period of time and depends on many factors. House 
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and Williams (22) find that cultures develop by ex- 
ploiting resources that are most abundant to them. 
Therefore, the most immediate reaction to shortages 
in previously plentiful materials is an attempt to re- 
duce usage. Most shortages are viewed as short run 
at first. Demand adjustments are normally made in 
the context of not changing major parts of the eco- 
nomic and social systems. If the problem is not tran- 
sitory, the short-run adjustments seldom are suffi- 
cient to moderate the problem. 
When short-term adjustments fail, the cultural 
system makes longer term adjustments that continue 
to maintain cultural expectations. These are normally 
performed within the commercial area by improved 
efficiencies of use and by substitutions of more abun- 
dant materials. If the scarcity of a critical resource 
continues and sufficient efficiencies and substitutes 
do not exist, then a permanent cultural change is 
necessary in the form of economic or social retrogres- 
sion. The level of change is determined by historical 
dependence upon the resource and the degree of the 
shortage. In a highly developed culture, research and 
development of new processes often take decades to 
realize. A conservation strategy must recognize as 
early as possible, the relative availability of resources 
in order to stretch out the usage of those with high, 
historical importance and in greatest scarcity (22). 
- Improved water conservation practices are both 
lecessary and complementary to other national 
goals. The many growing apparent crises consistently 
point to a need for increased conservation. But im- 
pediments exist which have considerable force in 
holding back conservation. Consumer conservation 
means modifying demands amid conflicting claims 
and often small savings for individual schemes. In 
many cases, personal conservation requires an initial 
investment that appears large compared to possible 
future savings. Automatic lawn watering systems, for 
example, conserve by controlling time and amount of 
watering, but they may not be economic in the short 
run. Even these savings may disappear if the utility 
gets a rate change to offset decreased deliveries (22). 
When a substantial profit is obtained from adopt- 
ing a conservation practice, there is little lag in adap- 
tation. If water is in short supply and prices increase, 
conservation practices become more commonplace. 
In practice, then, conservation appears as a new pub- 
lic policy and as an economic factor after the shortage 
has occurred. At these times, conservation is a stop- 
gap measure until the economic system affects either 
supply or demand (22). 
Water shortages can be prevented or alleviated in 
many ways. Each remedy involves some degree of 
financial, social, or environmental pain and generates 
some political opposition. Historically, water re- 
source managers have favored use of ground water, 
supplemented increasingly with reservoirs. Many 
economic benefits have derived from impoundment 
and regulated releases of water from reservoirs. Spe- 
cific water projects have induced the development 
they were created to produce (54). 
Future water projects tend to have increasing 
opposition. The amount of water available for storage 
or diversion is diminished, and prime sites for effec- 
tive impoundment are scarcer. The economic and 
environmental cost of projects receive increasing op- 
position. Water transfers from one region to another 
face increasing costs, opposition from areas of origin, 
and the fact that they do not increase the overall sup- 
ply of water (54). 
Many water resource experts stress better man- 
agement of existing supplies by water rights reform, 
reducing waste, and greater reuse of water. The chief 
problem is overcoming the habits and traditions of 
industries, farmers, and homeowners who demand 
the continued availability of cheap and plentiful 
water. There is a compelling need to reform the in- 
stitutional incentives to waste water (54). 
Methods for increasing efficiency in water use 
include metering, water rights reform, rationing, 
mandated conservation practices, and  pricing 
strategies. The basic question in a region is whether 
the amount of water is used to guide or limit growth. 
If migration and development continue in water- 
deficit areas, it should be possible to adjust life styles 
to less water per capita and to higher water costs. 
Economics can provide the most effective limits to 
further growth in water-deficit areas. Because pre- 
cipitation and stream flows can fluctuate so widely, 
officials must develop a clear and legally sound basis 
for sharing scarcity when cutbacks are forced by 
drought (54). 
Weather Modification 
The Weather Modification Act of 1967 assigned 
the Texas Water Development Board with responsi- 
bility to conduct research and development in the 
field of weather modification technology. Experi- 
ments have been conducted in Texas to evaluate 
the potential for seeding convective-type cloud sys- 
tems on the Edwards Plateau and the Texas High 
Plains (50). 
In furtherance of weather modification research 
in the Texas High Plains, the Board in 1974 entered 
into an agreement with the U. S. Department of the 
Interior, Bureau of Reclamation to conduct a segment 
of the High Plains Cooperative Program (HIPLEX) in 
Texas. This research program is designed to establish 
both a verified, working technology and an opera- 
tional management framework capable of producing 
additional rain from cumulus clouds in the High 
Plains States east of the Continental Divide (50). 
It is difficult to prove that weather modification 
activities result in additional water from warm-season 
cumulus clouds. Successful cloud seeding would re- 
sult in increased precipitation and runoff within min- 
utes. The amount of rainfall without the cloud seed- 
ing is incapable of proof. Yet to establish a claim to 
the additional water developed, a difference must be 
proved. In actual practice, it will be necessary to pre- 
dict the amounts and locations of additional precipita- 
tion prior to the seeding in order to effect disposition. 
Further, the rainfall induced by seeding may be chal- 
lenged in non-seeded areas as a diversion in natural 
rainfall patterns and thus a cost to them (7). 
Desalting Water 
The Office of Water Research and Technology of 
the Department of the Interior has responsibility to 
help meet future water needs through relevant re- 
search and development programs. The refinement 
of technologies for desalting sea water and water 
pumped from saline aquifers is one method. On the 
basis of unit cost comparisons, a few Texas cities have 
been identified as ha;ing desalting costs that are less 
than, or about the same as costs for water from con- 
ventional sources. This includes water production, 
transportation, treatment, and processing costs. In 
addition, for desalting, the cost of brine disposal is 
included (7). 
The present contribution of desalting in meeting 
Texas' water needs is small because of the general 
economic advantage of development of fresh-water 
supplies by conventional methods. In many water- 
short areas, the economics of desalting may be im- 
proving through new technology, increased plant 
scale, and multipurpose desalting complexes (7). 
The feedwater for desalting may be ground 
water, surface water, or seawater, or it may be recy- 
cled wastewater. By using municipal wastewater for 
feedwater, desalting plants may be incorporated into 
existing municipal water treatment and distribution 
systems (7). 
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Texas waters have been damaged by the discharge of wastes. 
Water Quality Management 
The development of Texas has contributed to the 
deteriorating quality of its water resources. Rivers, 
lakes, and coastal waters have been damaged by the 
discharge of waste, by polluted runoff from urban, 
agricultural and resource development, and by ero- 
sion and sedimentation. A strategy to achieve cleaner 
waters and reduce the production of unnecessary pol- 
lutants is now under 'way (35). 
The objective of the Federal Water Pollution Con- 
trol Act of 1972 is to restore and maintain the chemi- 
cal, physical, and biological integrity of the Nation's 
waters. To achieve this obiective. it is declared that 
(1) national goals and policies require elimination by 
1985 of discharge of pollutants into the navigable 
waters; (2) wherever attainable, an interim goal of 
watkr quality which provides for the protection and 
propogation of fish, shellfish, and wildlife and which 
provides that recreation in and on the water be 
achieved by July 1, 1983; (3) the discharge of toxic 
pollutants in toxic amounts be prohibited; 4 )  Federal 
financial assistance be provided to construct 
publicly-owned waste treatment works; (5) areawide 
waste treatment management planning processes be 
developed and implemented; and (6) a major research 
and  demonstration effort be made to develop 
technology necessary to eliminate the discharge df 
pollutants into the navigable waters (50). 
The Federal Water Pollution Control Act au- 
thorized public participation in the achievement of 
goals regarding the elimination of discharge of pol- 
lutants and the improvement of water quality. Im- 
plementation of the Act will change the water re- 
quirements per unit product in manufacturing and 
industrial water-using processes. It will improve the 
quality of raw water to treatment plants and affect the 
costs of water use. Each of these factors affects water 
resources planning methods, water requirements, 
and water use (50). 
Table 6 summarizes the quantities of return flows 
by basin and by use. Several water resource problems 
and opportunities are associated with quality of re- 
turn flows. Water standards include such items as 
minimum levels of dissolved oxygen in the water and 
maximum levels of fecal coliform bacteria, chemicals, 
and toxic materials. Fish kills result from toxic sub- 
stances or shortages of oxygen in the water. Shellfish 
are contaminated by domestic wastes. Downstream 
cities find that water discharged by upstream cities 
may be unsuitable for bathing or other recreational 
purposes (50). 
Public Law 92-500, Amendments to the Water 
Pollution Control Act, of 1972 provides for a mul- 
titude of approaches to water pollution control. In 
water quality management, different situations and 
pollutants call for different types of controls. Pol- 
lutants may be monitored and controls initiated 
in production processes, at the point where effluents 
are discharged, and in the environment. Approaches 
to controls include' regulations, taxes, and sub- 
sidies(50). 
Each state is required under P. L. 92-500 to iden- 
tify and locate all point sources of pollution, such as 
sewage plant outfalls. The State also must locate all 
man-created nonpoint source pollution loads and set 
forth procedures to control these discharges where 
feasible. These nonpoint source discharges include 
runoff from urban, industrial, agricultural and 
forested areas, livestock production, construction and 
related activities, and mine operations (50). 
Water management capabilities and strategic ' 
will be developed through economic and social 
choices. Water quality has become an important so- 
cial problem, and public choices will be made. One 
result will be expanded reuse of water when waste 
treatment is accomplished. 
TABLE 6. ANNUAL WATER YIELD FROM.'RETURN FLOWS BY 
BASINS, 1974 
Basin 
Canadian River 
Red River 
Sulphur River 
Cypress Creek 
Sabine River 
Neches River 
Neches-Trinity Coastal 
Trinity River 
Trinity-San Jacinto Coastal 
San Jacinto River 
San Jacinto-Brazos Coastal 
Brazos River 
Brazos-Colorado Coastal 
Colorado River 
Colorado-Lavaca Coastal 
Lavaca River 
Lavaca-G uadalupe Coastal 
Guadalupe River 
San Antonio River 
San Antonio-Nueces Coastal 
Nueces River 
Nueces-Rio Grande Coastal 
Rio Grande River 
Total 
Municipal & 
Industrial Irrigation 
------000's of Acre-Feet1----- 
17.9 - 
47.3 12.5 
35.4 - 
148.5 - 
252.5 4.0' 
179.1 14.02 
34.0 1 08.02 
346.4 36.1 
25.9 1 3.02 
410.0 48.0' 
142.0 69.0' 
156.0 26.6 
7.0 82.4' 
65.5 35.02 
9.7 75.22 
1.9 1 1 3.0' 
8.2 29.02 
42.2 1.7 
131.6 4.0 0 
8.7 1 .O 
5.0 10.0 
61.1 - 
56.6 79.0' 
2,192.5 761.5 
'One acre-foot = 325,851 gallons. 
'Released too far downstream to be considered a part of the 
surface-water supplies. 
Source: Texas Department of Water Resources. Letter from Herbert 
W. Grubb, Director, Planning and Development, June 12, 1978. 
Implications 
Efficient use of water can be achieved in many ways. 
Texas can be classified as a water deficit state 
since use exceeds replenishment. The deficit is occur- 
ring due primarily to ground-water mining on the 
High Plains. 
Many areas have little excess water to support 
the environment and economy of the future. Histori- 
cally, water resource managers have considered it de- 
sirable to provide additional water by impoundment 
and regulated releases from a reservoir, particularly 
during a drought. But such projects increasingly have 
become part of the problem. They induce further de- 
velopment, so that additional supplies are claimed 
even as the projects are built. 
Federal funds for multipurpose reservoirs will be 
much less available in the future. Project costs are 
rising rapidly. Enlarging the State water development 
fund requires a constitutional amendment, but voters 
have defeated two such amendments. 
Future water projects based on large reservoirs 
also face problems for more clearly pragmatic rea- 
sons. The amount of water available for storage or 
diversion is diminished. Prime sites for effective im- 
poundment are scarcer. Reservoirs increase evapora- 
tion and seepage losses. The costs of projects weigh 
heavily. Environmental impacts are substantial in the 
flood plain and in the estuaries which are often de- 
prived of necessary fresh-water inflows. 
Comparing water use to availability for Texas 
provides some serious implications. Agriculture is by 
far the largest user of the limited available quantities 
of water in Texas. The impact of changes in availa- 
bility (ground-water depletion) and water costs will 
affect agricultural irrigation much more than any or 
all other classes of uses taken together. The acres irri- 
gated and level of irrigation per acre will gradually 
decline, impacting throughout the High Plains and 
Texas economy. 
As municipalities, industries, and environmental 
requirements continue to expand, water use in all 
areas of the State will begin to press against availa- 
bility. As irrigated regions are expected to adjust 
quantity of water applied and irrigated acreage, other 
users will be placed in a position of adjustment of 
water use. Texas has already reached the point where 
effective and efficient use of water is most important. 
To maximize beneficial use of water, optimum 
application techniques and processes for water con- 
servation should be implemented, and waste should 
be avoided. Water should be reused to the maximum 
extent feasible. 
Water-saving opportunities exist throughout the 
State. Since conditions vary from place to place, spe- 
cific opportunities must be identified individually. 
The greatest potential savings are found in areas 
where return flows from excess water applications are 
released without serving further beneficial use. In 
other areas, where water conservation measures will 
not save large quantities of water, they may result in 
energy savings and  offer opportunities for 
environmental improvement through changes in 
water management. 
More efficient use of water can be achieved in 
many ways. They include mandated conservation 
practices - water rights reform, metering, rationing, 
and pricing strategies. Because agriculture accounts 
for such a large share of water consumption, the po- 
tential for conservation in that area is great. There are 
equipment changes such as automated distribution 
systems, computerized scheduling systems, and con- 
sulting services to help achieve savings. 
On the industrial and municipal side, the poten- 
tial for water conservation also is significant. An ef- 
fort should be made to arrange a sequence of uses 
and reuses of water where possible. Detection and 
control programs can correct the many leaks, defec- 
tive connections, and conveyance losses that cause 
water losses in some municipal distribution systems. 
At the domestic level, the opportunities are simi- 
larly numerous and varied. Installation of water- 
saving fixtures and appliances can be accelerated by 
appropriate plumbing code amendments and pro- 
motional efforts. Automatic flow regulators can re- 
duce consumption for shower, kitchen sink, and 
other uses. 
Texas water problems are more complex than 
just supply. The development and use of Texas aqui- 
fers has not been without cost. Problems have in- 
cluded declining water levels, land surface subsi- 
dence, salt water intrusion, water quality impairment 
from surface and subsurface disposal of wastes, and 
increasing costs of ground water pumping. Legal and 
institutional arrangements for administration of all 
surface and ground water sources would be complex. 
Although such management is possible and has been 
implemented elsewhere, it has not been attempted in 
Texas. A successful ground-water management pro- 
gram requires each water user to give up indepen- 
dence of action in order to achieve a common benefit. 
This may not be possible until the water crisis be- 
comes more severe. 
Water is a very sensitive issue in Texas. The de- 
mand for limited quantities that are available is in- 
creasing and now includes an environmental compo- 
nent. A revised water management policy is neces- 
sary for Texas if the water resources are to be used in 
a manner that will result in the greatest long-term 
benefit to the people of the State. 
Water resources already developed should be 
used to the maximum extent before new sources are 
developed. All alternative sources of supply should 
be considered. Conjunctive use of surface and 
ground water supplies and storage capacity, includ- 
ing planned temporary overdrafting of ground water, 
should be utilized to maximize yield and improve 
water quality. Lastly, and perhaps most important, 
more effective use of water in Texas with emphasis on 
reuse and conservation are indicated as viable ap- 
proaches for meeting much of Texas' future water 
demands. 
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